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Preface 
I 
Preface 
For the past two centuries, carbon-rich fossil fuels, such as coal and natural gas have 
been utilized in promoting the development of the economic society. This has caused 
massive carbon dioxide emission that has resulted in a series of ecological problems such 
as global warming and ocean acidification. Various strategies have, therefore, been 
adopted in the utilization, storage and capture of carbon dioxide to mitigate the 
concentration of carbon dioxide in the air. Rather than a waste resource, carbon dioxide 
turns out to be a promising C1 building block to fabricate a series of value-added 
chemicals. Compared to the capture and storage of carbon dioxide, the transformation 
and utilization of carbon dioxide are more attractive in the long term. The utilization of 
carbon dioxide can provide an alternative way to convert the renewable raw material into 
useful chemicals or fuels and simultaneously realize the effective circulation of global 
carbon resources. Generally, CO2 hydrogenation to hydrocarbons takes two steps: first 
initial reduction of CO2 to CO through reverse water-gas shift (RWGS) reaction, and then 
chain propagation reaction via the Fischer-Tropsch synthesis (FTS) reaction. Thereinto, 
at the end of the 1920s, FTS was first mentioned by Hans Fischer and Franz Tropsch and 
from then on, the FTS is regarded as an alternative pathway to producing valuable fuels 
and chemicals from nonpetroleum sources. Thereinto, syngas (mixtures of CO and H2) as 
a key intermediate is a good link between carbon dioxide reactants and valuable 
hydrocarbons, expanding the application range of CO2 gases. 
In chapter 1, we designed a bimetallic catalyst through impregnation method for 
catalyzing CO2 into liquid hydrocarbons. The introduction of cobalt metal increases the 
adsorption ability of CO2, which promotes the CO2 activation over iron species through 
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RWGS reaction. Besides, the carbide content also increases significantly with the further 
introduction of cobalt metal in comparison to potassium modified one, achieving a high 
C-C bond coupling activity. Therefore, K-Co/Fe showed better activity of 29.4% and 
lower CO selectivity of 15.7% than K-Fe (23.3% CO2 conv. and 30.2% CO sel.). CO2 
conversion was limited by the thermodynamics, and the equilibrium conversion was 
generally less than 40% under normal operation conditions. To further enhance the 
catalytic activity of CO2 hydrogenation via ex situ water removal manner, a two-stage 
reactor system was developed and investigated, where the water product formed by 
RWGS reaction was trapped in the first ice-trap and the mixtures (including CO2, CO, 
light hydrocarbons) sequentially entered the second reactor. Facts proved that ex situ 
water removal is of great significance in enhancing catalytic activity and reducing the 
selectivity of CO by-product. This effectively promotional effect derived from water 
removal facilitates constructing a new route for improving the catalytic performance of 
CO2 conversion, further enhancing the yield of liquid fuel. 
In chapter 2, a nitrogen functionalized carbon with embedded iron nanoparticles was 
developed by a simple one-pot hydrothermal synthesis process for improving CO2 
hydrogenation performance. Four different nitrogenous reagents (ethylenediamine, 
pyridine, and diethylformamide, and pyrrolidine) were adopted to synthesize the 
functionalized catalysts. The characterization and catalytic performance evaluation 
revealed that different nitrogen sources have various effects on physical-chemical 
properties of catalysts. The improved CO2 hydrogenation performance over these 
functionalized catalysts was found to be correlated with the specific surface areas, the 
carbonization degree of iron species precursor, the amount of defect sites, and the content 
of pyridine-like nitrogen structures, which are determined by the doping nitrogen atom 
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types. Pyrrolidine as a well-performing nitrogen source precisely regulated the 
physiochemical properties of the final catalyst, consequently achieving an outstanding 
performance. Correspondingly, Fe/C-PYL shows the highest reaction activity (21.6%) 
and the lowest CO selectivity (29.2%) among these catalysts. 
In chapter 3, a promising Ni based mesoporous Al2O3 catalyst was prepared by one-
step evaporation-induced self-assembly (EISA) method, and was employed as an efficient 
catalyst in combined methane dry reforming (DRM) and methane partial oxidization 
(POM) reaction. For comparison, a supported catalyst with ordered mesoporous Al2O3 
was also prepared by sample impregnation method. The catalytic activity tests results 
indicated that the catalysts prepared by the one-pot method had better catalytic 
performance for combined methane dry reforming and methane partial oxidation reaction, 
ascribing to the larger exposed metal Ni surface area of Ni-MA than that of Ni/MA. 
Meanwhile, the catalytic performance remained stable at 750 °C for 100 h reaction. The 
characterization results of used catalysts indicated that combined POM with DRM could 
effectively suppress carbon deposition. 
In chapter 4, a carbon dioxide hydrogenation to olefin process achieves 72% 
selectivity for alkenes and 50.3% selectivity for C4-18 alkenes, of which formation of 
linear α-olefins accounts for 80%. Besides, the biopromoters-driven iron catalyst presents 
a highest activity (31.0% CO2 conv.). The process is catalyzed by carbon-supported iron, 
commonly used in C-C coupling reactions, with multiple alkali promoters extracted from 
corncob. The design is based on the synergistic catalysis of mineral elements in biomass 
enzyme on which carbon dioxide can be directly converted into carbohydrate. The 
mineral elements from corncob may promote the surface enrichment of potassium, 
suppressing the secondary hydrogenation of alkenes on active sites. Furthermore, 
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carburization of iron species is enhanced to form more Fe5C2 species, promoting both the 
reverse water-gas shift reaction and subsequent C-C coupling. 
Herein, four types of catalysts with special structures were rationally designed, 
synthesized and applied to transform the carbon dioxide greenhouse gases into valuable 
chemicals or syngas. The physical-chemical properties and catalytic performances of 
these efficient catalysts were also studied in detail to shed new insights for solid catalyst 
design.  
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Chapter 1 
Enhanced Liquid Fuel Production from CO2 Hydrogenation: Catalytic 
Performance of Bimetallic Catalysts over a Two-Stage Reactor System 
 
Catalytic performance of CO2 hydrogenation is conveniently improved via a cobalt-
doped iron-based catalyst. The enhanced performance for CO2 hydrogenation is ascribed 
to the improvement of CO2 activation and chain propagation reaction. The two-stage 
reactor system with ex situ water removal further provides a straightforward access for 
enhancing the yield of liquid fuel. 
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Abstract 
A bimetallic catalyst combining Fe and Co active sites enables direct conversion of 
CO2 to hydrocarbons with a higher activity but modest CO selectivity compared with a 
sole Fe catalyst. The introduction of cobalt metal increases the adsorption ability of CO2, 
which promotes the CO2 activation over iron species through RWGS reaction. Besides, 
the carbide content (Fe5C2) also increases significantly with the further introduction of 
cobalt metal in comparison to potassium modified one, achieving a high C-C bond 
coupling activity. On the basis, the catalytic performance of CO2 hydrogenation over this 
bimetallic catalyst was investigated in a two-stage reactor system, where the influence of 
number of reactors on CO2 conversion and the catalytic performance over each reactor 
were analyzed regarding the yield of liquid fuel. A significant increase in liquid fuel 
production was achieved under ordinary conditions. It was proven that ex situ water 
removal plays the determining role in the integrated process for improving the catalytic 
activity and lowering the selectivity of undesired CO by-product. The utilization of a two-
stage reactor system promotes CO2 conversion, making the CO2 conversion approaching 
a higher value (69.9%). Meanwhile, the yield of liquid fuel exceeds 300 gfuels/(kgcath) 
under conventional conditions. 
 
Keywords: CO2 hydrogenation, Two-stage reactor system, Bimetallic catalysts, Ex situ 
water removal, Liquid fuel,   
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1.1. Introduction 
Considering the stern environmental pressure and global ecologic problems caused 
by greenhouse gases, the reduction of CO2 emissions from production and living has 
become one of more focused research topics in this century [1-3]. Contrary to carbon 
capture and storage (CCS), the reutilization of catalyzing CO2 to valuable chemicals or 
fuels provides a new path. Based on the concept of reutilization, plentiful studies have 
been done on CO2 conversion including electrocatalysis, photocatalysis and 
thermalcatalysis [4-9]. In terms of the high energy density, convenient storage and 
transportation performance, the production of liquid fuel by utilizing CO2 conversion has 
important economic benefits and advantages compared with low-carbon hydrocarbons. 
In these methods, catalytic conversion of CO2 is a promising route to produce valuable 
liquid fuel with a certain production scale. 
Generally, CO2 hydrogenation to hydrocarbons usually takes two steps: first initial 
reduction of CO2 to CO through reverse water-gas shift (RWGS) reaction, and then chain 
propagation reaction via the Fischer-Tropsch synthesis (FTS) reaction [10, 11]. Although 
Fe-based catalysts are intensively used for CO2 conversion, the catalytic activity and 
selectivity of desired products over sole Fe catalysts cannot meet demand including 
catalytic activity and selectivity. Thereinto, the activity of CO2 conversion was hindered 
by the rate-determining step of chain propagation reaction while the selectivity of desired 
products was limited by Anderson-Schulz-Flory (ASF) model. These challenges make it 
difficult to produce large amounts of liquid fuel from CO2 hydrogenation. As a 
consequence, many different methods, from the catalyst preparation to operation 
conditions, have been investigated to solve this problem. One of the most common 
methods is to modify the catalysts by dopant addition such as potassium (K), and 
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manganese (Mn) promoter [11-14]. The introduction of K not only regulates the surface 
adsorption proprieties, but also promotes the formation of active carbides which is 
beneficial for the formation of liquid fuel [13, 15, 16]. Mn acts as an electronic as well as 
a structural promoter promoting the dispersion and carburization of iron oxides, thus 
favoring the formation of liquid fuel [17, 18]. Besides, the special spinel precursors such 
as ZnFe2O4 was applied to catalyze CO2 hydrogenation, and exhibited a high selectivity 
of liquid fuel [19, 20]. Meanwhile, the bifunctional catalysts combing metal oxides with 
zeolite catalysts were also investigated for CO2 conversion, and a high selectivity of liquid 
fuel was also achieved on these catalytic systems [4, 5]. The excellent performance can 
be attributed to the proper distance and the benign synergistic effect of different active 
sites. In addition, constructing a bimetallic catalyst combining the intrinsic merit of Fe 
and Co metal was also investigated recently [21-27]. Previous findings suggest that the 
introduction of cobalt can regulate the adsorption properties of hydrogen for facilitating 
carbon-carbon bond formation, and then it promotes the formation of higher 
hydrocarbons [23, 28, 29]. Indeed, the introduction of highly active Co in Fe significantly 
promotes the CO2 hydrogenation activity, as reported previously. Although these 
bimetallic catalysts achieved a well catalytic performance, the role of Co metal on CO2 
hydrogenation reaction has not been explained in detail. Besides, facile design and 
preparation of functional catalysts for the synthesis of renewable fuel, are still a severe 
challenge for the upgrading of CO2 hydrogenation products. 
Despite many efforts to improve catalytic performance including selectivity or/and 
activity, the space time yield (STY) of liquid fuel limited by selectivity and activity 
simultaneously, is usually less than 100 gfuels/(kgcath). Even for these bifunctional catalysts 
with excellent catalytic performance, the catalytic yield is still less than 150 gfuels/(kgcath) 
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[4, 5]. Further increase in the yield of liquid fuel has become more difficult from the 
perspective of catalyst design. Thus, a new strategy is indispensable to improve the 
catalytic yield. Considering the detrimental effect of H2O formed by RWGS reaction, the 
method of ex situ water removal is an effective means to improve the yield of liquid fuel. 
In reality, although tandem reactors with water removal can improve CO2 hydrogenation 
performance, few studies have considered the effect of reactor number on the 
performance of CO2 conversion [30]. Therefore, we fabricate a bimetallic catalyst for 
improving the catalytic performance and investigate the effect of cobalt dopants on the 
catalytic performance of CO2 hydrogenation. On the basis we further take advantage of a 
two-stage reactor system applied for ex situ water removal to enhance CO2 conversion, 
and investigate the effects of the two-stage reactor system on catalytic performance. 
1.2. Experimental 
1.2.1 Catalyst Preparation 
The sole Fe catalyst was prepared by ammonia precipitation method. Typically, 
Fe(NO3)3·9H2O solution and NH3·H2O solution were added into deionized (DI) water 
containing a certain amount of ammonia with stirring to form a suspension solution. In 
the above solution, Fe(NO3)3·9H2O solution and NH3·H2O solution were added drop wise 
under stirring, and the pH value of suspension was always maintained at 10. Consequently, 
the resulting suspension was kept at 60 oC for 7 hours. The collected precipitate was 
filtered and washed with DI water. The resulting precipitate was dried at 120 oC for 10 
hours. KNO3, Co(NO3)3·6H2O or Ru(NO3)3 solution was selected as potassium, cobalt or 
ruthenium source, and was introduced into sole Fe catalyst via a simple impregnation 
method. The obtained products were calcined at 550 oC for 5 hours. The value of x% and 
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y% in the xK-yM/Fe catalysts represents weight percentage of K/Fe and M/Fe. Unless 
otherwise specified, 5K-10Co/Fe or 5K-10Ru/Fe is marked as K-Co/Fe and K-Ru/Fe 
respectively, which is in accordance to the characterization results (Table 1.1). 
1.2.2 Catalyst characterization 
XRD spectra of the powder catalysts were recorded by a Rigaku RINT 2400 X-ray 
Diffractometer using Cu-Ka (40 kV, 20 mA) irradiation. Scans were recorded in the 2θ 
range of 5-90o with a step size of 0.02 o/s. N2 physisorption was performed on a 
Micromeritics analyzer. Before sample analysis, the catalysts were vacuum dried at 120 
oC for 6h. Scanning electron microscopy (SEM) images were taken by a JEOL JSM-
6360LV microscope operated at an accelerating voltage of 10 kV, which were used to 
obtain the surface morphology and elemental composition of the prepared catalysts. SEM 
with dispersive spectroscopy (SEM-EDS, JED-2300 energy dispersive spectroscopy) was 
used to analysis element composition. The X-ray photoelectron spectroscopy (XPS) 
analysis was conducted on Thermo Fisher Scientific ESCALAB 250Xi multifunctional 
X-ray photoelectron spectroscopy. The adsorption and reduction properties of as-prepared 
catalysts were determined by a BELCAT-II-T-SP Characterization System. The analysis 
of element composition was also evaluated by a PHILIPS PW2404R X-ray spectrometer. 
1.2.3 Catalytic performance test 
CO2 hydrogenation reactions were performed in a continuous flowing two-stage 
reactor system with an inner diameter of 6 mm (Scheme 1.1). Prior to reaction, the 
prepared catalysts were in situ reduced at 380 oC for 10 h in a pure H2 flow (40 ml min
-1, 
atmospheric pressure). After reduction, the reactor was cooled to reaction temperature. 
Then the reactant gas mixture CO2/H2/Ar was fed into the reactor, and the system was 
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pressured gradually to reaction pressure. The effluents of the reaction were analyzed by 
an online gas chromatograph with a TCD detector. Light hydrocarbons were analyzed by 
an online gas chromatograph with a flame ionization detector (FID). Besides, ice trap 
with n-octane as solvent was equipped to capture the liquid hydrocarbons in the effluents. 
Liquid hydrocarbons from the ice trap were analyzed by an off-line gas chromatograph 
using an FID. 
Moreover, the selectivity of hydrocarbon was calculated based on the total carbon 
moles with a unit of C-mol% on all tested catalysts. The catalytic performances after at 
least 6 h on stream were typically used for discussion. The CO2 conversion was calculated 
by equation (1). CO and hydrocarbon selectivity were calculated according to equation 
(2) and (3) respectively. 
 
CO2 conversion (%) = (CO2 in-CO2 out)/CO2 in ×100% (1) 
CO2 in: mole fraction of CO2 in the inlet, CO2 out: mole fraction of CO2 in the outlet. 
CO selectivity (%) =CO out/ (CO2 in-CO2 out) ×100% (2) 
CO out: mole fraction of CO in the outlet. 
Ci hydrocarbon selectivity (C-mol %) = Mole of Ci hydrocarbons / Mole of total hydrocarbon×100% (3) 
1.3. Results and discussion 
1.3.1 Structure and surface properties of catalysts 
Scanning electron microscopy (SEM) was applied to obtain the surface morphology 
(Figure 1.1). As can be seen, all three catalysts (5K-Fe, 5K-10Co/Fe, and 5K-10Ru/Fe) 
have irregular polyhedral block structures. The average diameters of these massive 
structures are greater than 10 μm. Compared with the as-prepared catalysts, the 
morphologies and structures of these spent catalyst changed little except for 5K-Fe 
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catalyst. It indicates that the introduction of Ru or Co is more conducive to maintaining 
structural stability. 
The obtained structural properties of as-prepared and spent Fe, 5K-Fe and 5K-
10Co/Fe catalysts were characterized using XRD analyses, as shown in Figure 1.2. As for 
as-prepared catalysts, the main phase is Fe2O3 in these catalysts regardless of the addition 
of K or/and Co element. Meanwhile, no additional peaks of K or/and Co substances were 
found probably because of the uniform distribution of particles or fine particle sizes. 
Different from the as-prepared catalysts, the spent catalysts exhibited some difference in 
carbide peaks. The content of active carbides (Fe5C2, JCPDS 20-0509) was evidently 
enhanced with the doping of K promoter, which was beneficial for promoting the 
carbonization of iron species [13, 16, 33]. The content of iron carbides was further 
increased with the introduction of Co additives, therefore it demonstrating that the 
existence of Co metal promoter exerted a positive effect on the carbonization of iron 
species. According to the related reports above, iron and cobalt can form an alloy catalyst 
under similar reaction conditions [24, 25]. However, as shown in Figure 1.2, there are no 
peaks ascribed to CoFe alloy. It suggests that in addition to the possible formation of 
alloys, there may be other factors that further promote the catalytic activity. It has 
previously been reported that the carbon monoxide dissociation barrier is lower on the 
cobalt metal surface [45], thus the existence of cobalt active sites may also improve 
catalytic performance by providing a more active carbon monoxide intermediate. Based 
on the above two considerations, the presence of cobalt may play a role in two aspects: 
one is the formation of bimetallic catalytic active sites (FeCo alloy), which promote the 
reaction performance through the synergistic action between cobalt and iron, and the other 
is the independent cobalt species active sites providing more active CO* intermediates, 
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achieving a low CO selectivity. Compared with 5K-Fe and 5K-10Co/Fe catalysts, the 
weak diffraction peak may be due to the post-treatment process such as calcination 
process. N2 physisorption measurement was applied to investigate the specific surface 
area of reference 5K-Fe, 5K-10Co/Fe and 5K-10Ru/Fe (Table 1.2). As can be seen, the 
surface area and pore volume varied little with the introduction of K, Co or Ru (between 
10.8-12.9 m2/g). All of these catalysts have a low surface area and pore volume, which 
indicate that these catalysts are nonporous. 
Given that CO2 activation and chain propagation reaction occurred on the surface of 
catalyst, X-ray photoelectron spectroscopy (XPS) was applied to further investigate the 
phase composition and the content of surface species. The binding energy peaks at 711.7, 
711.0, and 707.3 eV in the Fe2p spectrum are respectively ascribed to FeIII, FeII, and Fe-
C (Figure 1.3) [34]. According to the spectra results after curve fitting, the carbide content 
was increased with the addition of alkali metal K promoter, which is in accordance with 
XRD results. Besides, the carbonization degree of iron species on the catalyst surface was 
improved again with the introduction of cobalt additives. The carbide content of 18% over 
a 5K-10Co/Fe is much higher than that of 5K-Fe (7.9%, Table 1.3 and Figure 1.3), which 
indicates that Co additives can promote the formation of active carbides on catalyst 
surface. As an active phase (Fe5C2) for chain propagation reaction, the increased carbide 
content can promote C-C bond coupling reaction, which is beneficial for the highly 
selective formation of liquid hydrocarbons [19]. Therefore, Co additives as an effective 
metal dopant can improve the reaction performance by further promoting the formation 
of carbides. However, the promotional effect on the carbonation degree of iron species 
from ruthenium metal was significantly weaker than that of cobalt metal (Table 1.3 and 
Figure 1.4). The inferior carbonation degree of iron species was responsible for the poor 
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hydrogenation performance over a Ru/Fe catalyst (Table 1.3 and Table 1.4). 
Given that the metal oxide reduction and reactant adsorption states are key factors 
influencing CO2 activation and hydrogenation, the properties of H2 reduction as well as 
CO and CO2 adsorption for Co doped Fe catalysts were investigated by employing the 
temperature-programmed reduction (H2-TPR), CO and CO2 temperature-programmed 
desorption (CO-TPD, CO2-TPD) techniques. According to the H2-TPR profiles (Figure 
1.5), the peaks drifted toward lower temperature with the addition of Co metal, which 
means that Co addition is beneficial for the reduction of iron species. The improvement 
of reduction performance could be due to the induction behavior of cobalt oxide reduction, 
owing to the easier reduction of cobalt oxides compared with iron oxides [35, 36]. When 
Co dopant was introduced into 5K-Fe catalyst, CO2 adsorption was increased 
significantly as compared in Figure 1.6a. The adsorption intensity of CO2 reached its 
maximum level when the mass ratio of Co/Fe was 20%, and then decreased with the 
further increase of Co/Fe mass ratio. 
To investigate the effect of adsorption strength on the catalytic performance, the K-
Fe based catalysts with different Co/Fe mass ratio were evaluated and compared in Figure 
1.6b. CO2 conversion was increased with the increase of CO2 adsorption strength while 
CO selectivity was suppressed evidently from 30.2% to 10.6%. However, the further 
introduction of superfluous Co metal would cover active sites for CO2 activation and 
subsequent C-C bond coupling reaction, thus it led to an inferior catalytic performance as 
in Figure 1.6b. All these findings prove that the suitable amount introduction of Co metal 
promotes CO2 adsorption, and the enhanced CO2 adsorption is conducive to subsequent 
CO2 activation on iron active sites to some extent which is beneficial for promoting CO2 
conversion. Although the introduction of Co additives promotes the reduction and 
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adsorption process, the change of CO adsorption states is not obvious (Figure 1.7). Thus, 
the introduction of Co dopant is more conducive to promoting CO2 adsorption than CO 
intermediates formed by RWGS reaction, the adsorbed CO2 was converted into CO 
intermediates on the surface of iron species followed by chain propagation reaction. The 
combination of these merits led to a high CO2 catalytic activity as well as a low CO 
selectivity (Table 1.4), which is advantageous for the utilization of carbon element. 
To further demonstrate the promotional effect of cobalt addition on CO2 
hydrogenation reaction, the atmospheric pressure platform reactions were investigated as 
illustrated in Figure 1.8. These catalysts showed no any catalytic activity when the 
reaction temperature was lower than 220 oC. When the reaction temperature reached 220 
oC, these catalysts began to convert CO2. CO2 conversion increased when enhancing 
reaction time during 220 and 260 oC periods. Although the conversion was increased with 
the prolonged of reaction time, no methane was produced between 220 to 260 oC for 120 
minutes reaction regardless of the types of catalysts, demonstrating that only the RWGS 
reaction occurred under this condition. Clearly, 5K-Fe catalyst with the modification of 
cobalt showed the highest activity of RWGS reaction, followed by 5K-Fe and 5K-
10Ru/Fe catalysts. It manifests that the introduction of cobalt in 5K-Fe catalyst will 
promote reduction behavior of CO2 over iron species via a RWGS reaction compared with 
5K-Fe and 5K-10Ru/Fe catalyst. 
Based on surface composition analysis, CO2 adsorption strength results as well as 
platform reaction performances, we can learn that the improvement of CO2 hydrogenation 
performance is closely related to these factors. Generally, Co metal is thought to improve 
C-C bond coupling and then further enhance the activity. According to XPS and XRD 
results (Figure 1.2 and 1.3), the existence of cobalt promotes the carbonization degree of 
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iron species, which is crucial for the C-C coupling reaction. The enhanced CO2 adsorption 
capacity contributes to the activation of CO2. Platform reaction performances also 
demonstrate the modified effect for RWGS reaction. In reality, the existence of cobalt 
metal in a bimetallic 5K-10Co/Fe catalyst will promote RWGS and C-C coupling reaction 
simultaneously, based on experimental and characterization results, thus CO2 conversion 
goes up and CO selectivity goes down. The introduction of Co metal first promotes the 
adsorption of CO2, and then the adsorbed CO2 is converted in CO intermediates over iron 
species. Subsequently, surface-adsorbed CO is hydrogenated to hydrocarbons over active 
species. Thus, this enhanced interface reaction coupling improves the performance of CO2 
hydrogenation. 
1.3.2 Catalytic performance of varied catalysts for CO2 hydrogenation 
The catalytic performances of CO2 hydrogenation on as-prepared Fe-based catalysts 
were evaluated, as shown in Table 1.4. Catalytic activity of CO2 conversion was increased 
from 16.8 to 23.3 % with the addition of K promoter, and CO selectivity decreased from 
44.0 to 30.2%. According to Figure 1.2 and Figure 1.3, although the characteristic peak 
of as-prepared catalyst did not change significantly with the introduction of electronic 
promoter K. However, for the spent catalysts, the diffraction peaks of metal Fe was 
significantly reduced. At the same time, the diffraction peaks of active carbide (Fe5C2) 
were obviously enhanced, indicating that the introduction of K promoter was helpful to 
carbonization of iron species, which is important for enhancing catalytic activity. With 
the introduction of Co additives, catalytic activity of CO2 hydrogenation was further 
improved. Meanwhile, the CO selectivity was decreased again with the introduction of 
Co additives for 5K-10Co/Fe catalysts. Therefore, when the iron catalyst was modified 
by K and Co, it showed the highest activity of 29.4% and the lowest selectivity of 15.7%. 
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As discussed above, the introduction of cobalt metal on the one hand promotes the 
increase of carbide content and on the other hand improves the adsorption behavior of 
CO2 on the surface of catalyst, which are key factors to promote the performance 
improvement. The value of x% and y% in the xK-yM/Fe catalysts represents weight 
percentage of K/Fe and M/Fe. It indicates that the introduction of cobalt dopants can 
increase the reaction activity as well as lower CO selectivity evidently, thus it promotes 
the utilization of carbon element and the yield of liquid fuel. If the rate-determining step 
of chain propagation reaction is overcome, the driving force pushing CO intermediates to 
liquid hydrocarbons will promote the CO2 conversion via a reversible RWGS reaction, a 
principle for designing bimetallic catalysts [21]. Therefore, a metal with a high activity 
for chain propagation reaction may present a good reaction performance for CO2 
hydrogenation if this special metal replaces Co metal. Compared with Co-based catalysts, 
Ru-based catalysts generally exhibit a higher catalytic activity and higher C-C bond 
coupling activity. According to the Table 1.5, the FTS CO conversion and C-C bond 
coupling activity from 5K-10Ru/Fe, as expected, was higher than that from 5K-10Co/Fe. 
It indicated that the introduction of Ru has contributed to C-C bond coupling reaction and 
the formation of hydrocarbons. On this basis we used these two catalysts (5K-10Ru/Fe, 
5K-10Co/Fe) for CO2 hydrogenation. On the contrary, a higher CO2 conversion and a 
lower selectivity of CO were obtained from 5K-10Co/Fe rather than 5K-10Ru/Fe, as 
compared in Table 1.4. To some extent, the enhanced performance for CO2 hydrogenation 
over a bimetallic 5K-10Co/Fe catalyst is more than just promoting the C-C bond coupling 
reaction by a simple comparison experiment. Considering that the reaction performance 
is affected by the preparation of the catalyst and the operating conditions, the various 
bimetallic catalysts generally show different catalytic performance [31, 32]. Therefore, 
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another kind of metal used in bimetallic catalyst system needs to be screened accordingly. 
Compared with 5K-10Ru/Fe catalyst, 5K-10Co/Fe catalyst presents better catalytic 
performance for catalyzing CO2 conversion in this system, based on the reaction results. 
Generally, CO2 conversion was less than 40% under normal operation conditions 
[33, 37-39]. To further enhance the catalytic activity of CO2 hydrogenation via ex situ 
water removal manner, a two-stage reactor system was developed and investigated, where 
the water product formed by RWGS reaction was trapped in the first ice-trap and the 
mixtures (including CO2, CO, light hydrocarbons) sequentially entered the second reactor. 
The catalytic performance was listed in Table 1.6. According to the Table 1.6, it is 
disclosed that the CO2 conversion is lower than the equilibrium conversion when using a 
single reactor. However, when using a two-stage reactor system, the catalytic conversion 
rate increases significantly from 36.5 to 64.2% (Table 1.6). More recently, Bordet et al. 
reported that water elimination accelerates the carbidization process, which is crucial for 
improving CO2 hydrogenation activity [40]. Compared to the results from other literatures 
[20, 41-44], the two-stage reactor system exhibited a high CO2 conversion while the 
selectivity of CO was low. 
To further improve the yield of liquid fuel, we investigated the effect of W/F on 
conversion, selectivity, and STY. While the hydrocarbon and CO selectivities were not 
significantly changed, the CO2 conversion was slightly increased from 64.2 to 65.1% if 
W/F decreased from 6.0 to 3.7 g·h·mol-1. Especially, the yield of liquid fuel was enhanced 
sharply from 140.5 to 227.4 gfuels/kgcat·h, greater than 1.6 times in the yield of liquid fuel. 
However, catalytic performance including activity and the yield of liquid fuel was 
deteriorated as the W/F value was lowered further. This indicates that the suitable flow 
velocity via regulating W/F value can significantly increase the yield of the liquid fuel 
 
 
Chapter 1 
15 
without increasing the undesired by-product (CO). However, increasing the yield of the 
liquid fuel by regulating W/F value is not particularly desirable for single reactor system. 
Different from the two-stage reactor system, the conversion of CO2 decreased evidently 
while the selectivity of CO increased sharply with the decrease of W/F from 12.0 to 4.0 
g·h·mol-1, which was not particularly conducive to the formation of liquid fuel. As shown 
in the Table 1.6, increased flow velocity reduces the conversion of CO2 and increases the 
selectivity of undesired CO by-product. But for the two-stage reactor system, the 
selectivity of by-product (CO) was not significantly boosted up while the catalytic activity 
was not significantly lowered with the increase of flow velocity. This illustrates that the 
regulation of W/F value is more suitable and powerful for the two-stage reactor system 
for enhancing the yield of liquid fuel than for single reactor system. 
In order to investigate the influencing behavior of ex situ water removal, a similar 
two-stage reactor system without ex situ water removal was also adopted. As compared 
in Table 1.6, the conversion of CO2 is significantly lower than that of a system with an ex 
situ water removal (24.6% vs. 65.1%). Furthermore, the selectivity of CO is 4 times more 
than that of a system with ex situ water removal. Therefore, the yield of liquid fuel 
increases from 70.2 to 227.4 gfuels/kgcat·h, almost more three times if water is removed. 
When we compare two-stage reactor system without H2O removal and 1 reactor system, 
we can find that the catalytic performance of CO2 hydrogenation is slightly worse (Table 
1.4). As for a two-stage reactor system without H2O removal, the W/F over each reactor 
is a half of 1 reactor system owing to the same W/F value for these two systems. However, 
the decreased value of W/F has a negative effect on catalytic performance, as mentioned 
above. Thus, for a two-stage reactor system without water removal, the poor catalytic 
performance may be due to the negative impact of the flow rate on each reactor. Evidently, 
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ex situ water removal is of great significance in enhancing catalytic activity and reducing 
the selectivity of CO by-product. Although multi-stage temperature can be controlled to 
regulate the reaction parameters, the un-removed water vapor still affects the reaction 
performance. Moreover, this un-removed water vapor has a major negative effect on CO2 
hydrogenation, as shown in Table 1.6. Thus, it may not be ideal to achieve similar 
performance by controlling different heating zone in a single reactor without water 
removal. This effectively promotional effect derived from water removal facilitates CO2 
conversion, further enhances the yield of liquid fuel. It is worth mentioning that this 
tandem two-stage reaction system with an ex situ water removal is more powerful and 
economic than connected two reactors without water removal (Table 1.6). To some extent, 
this phenomenon provides an alternative route for industrial amplification applications of 
CO2 hydrogenation, that is to say suitable tandem two-stage reaction system is better than 
connected two reactors without water removal from a perspective of economic benefit. 
Regarding the stability (Figure 1.9), the 5K-10Co/Fe catalyst presents a good stability in 
the CO2 hydrogenation reactions during the time on stream (6 h). 
In view of the obvious influence of reaction temperature on catalytic performance, 
we further investigated the influence of temperature, and the catalytic performance was 
listed in Table 1.7. According to Table 1.7, it is learnt that temperature is of positive 
significance to the improvement of catalytic activity. When the temperature rises from 
270 to 330 oC, the conversion of CO2 is improved from 39.0 to 69.9%, almost 1.8 times. 
Although the conversion of CO2 is increased with the increase of temperature, the 
selectivity of CO as well as that of light hydrocarbons (C1-C4) does not increase, or even 
decrease. In addition, the selectivity of liquid fuel is also increased when reaction 
temperature reaches 330 oC. The enhancement of selectivity and activity promotes the 
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generation of liquid fuel. Consequently, the yield of liquid fuel is increased sharply from 
128.1 to 326.2 gfuels/kgcat·h. 
According to the above description, we can learn that the CO2 hydrogenation 
performance can be significantly improved through a two-stage reaction system. To 
further investigate the impacts of number of reactors on the catalytic performance, each 
individual reactor performance was also examined and the results are listed in Table 1.8. 
Evidently different from the excellent performance over a two-stage reaction system, the 
CO2 conversion is fairly low while the selectivity of CO is high over Reactor 1. However, 
the overall conversion of CO2 is significantly higher than that from Reactor 1. Besides 
that, the selectivity of CO is fairly modest over a two-stage reaction system. As shown in 
Table 1.8, we can find that the selectivity of light hydrocarbons (C1-C4) increases while 
the selectivity of heavy hydrocarbons (C5+) decreases. The phenomenon of poor catalytic 
performance may be resulted from the change of reaction gas composition. On the 
contrary, the utilization of second reactor did not promote the production of liquid 
products, but reduced the generation of CO by-product. Reactor 2 helped improving the 
conversion of CO2 and CO to hydrocarbons. Thus, this result is a direct indication of the 
important role of the Reactor 2, which markedly promotes the conversion of CO2 and CO 
intermediates. This advantage can be attributed to two aspects: ex situ water removal and 
CO intermediates further reaction via an FTS reaction. Ex situ water removal is conducive 
to the improvement of activity, while the further reaction of CO intermediates is beneficial 
for the decrease of by-product selectivity. 
1.4. Conclusions 
In summary, a simple precipitation and impregnation method is achieved to fabricate 
a bimetallic catalyst for improving CO2 hydrogenation performance. We demonstrate that 
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Co metal as an effective dopant can enhance CO2 hydrogenation reaction activity 
significantly. The enhanced performance for CO2 hydrogenation is ascribed to the 
improvement of CO2 adsorption and carbide content, i.e., a strengthening of interface 
reaction coupling of a tandem reaction including CO2 activation and subsequent chain 
propagation reaction. The introduction of Co metal can increase the adsorption ability of 
CO2, which is in favour of RWGS reaction on the surface of iron specials. Besides, Co 
dopant further promotes the carbonization process of iron species forming more carbides, 
which is beneficial for the chain propagation reaction. Therefore, the improvement of 
these two processes facilitates the whole process of CO2 hydrogenation rather than a 
conventional one-way driving force. In addition, the yield of the target liquid fuel is 
obviously increased when a two-stage reactor system is employed. The enhanced catalytic 
performance is attributed to the powerful means of ex situ water removal. The ex situ 
water removal as well as further accelerated reaction of CO intermediates via a tandem 
system promotes CO2 conversion, and makes the yield of liquid hydrocarbons exceeds 
300 gfuels/(kgcath). Meanwhile, the utilization of a two-stage reactor system paves a new 
route for increasing the yield of renewable liquid hydrocarbons.  
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Table 1.1 Weight percentage of K/Fe and Co/Fe based on various technical results. 
Catalysts 
SEM-EDS results (%) XRF results (%) 
K/Fe Co/Fe K/Fe Co/Fe 
Fe 0 0 0 0 
5K-Fe 4.8 0 4.8 0 
5K-10Co/Fe 5.6 11.7 6.3 11.1 
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Table 1.2 Surface area and pore volume of 5K-Fe, 5K-10Co/Fe and 5K-10Ru/Fe. 
Catalysts BET surface area (m2/g) Pore volume (cm3/g) 
5K-Fe 12.9 0.000562 
5K-10Co/Fe 10.8 0.000312 
5K-10Ru/Fe 11.7 0.000340 
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Table 1.3 Carbide content on spent catalyst surface is derived from Fe2p analysis. 
Catalysts Carbide content (Fe-C, mol %) in catalyst surface 
Fe 3.6 
5K-Fe 7.9 
5K-10Co/Fe 18.0 
5K-10Ru/Fe 5.3 
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Table 1.4 CO2 hydrogenation performances over different Fe-based catalysts. 
Catalyst Number of reactors Conv. / % CO Sel./% 
Hydrocarbon Sel. / % 
CH4 C2-C4 C5+ 
Fe 1 16.8 44.0 34.3 48.3 17.5 
5K-Fe 1 23.3 30.2 15.9 34.0 50.1 
5K-10Co/Fe 1 29.4 15.7 13.2 36.3 50.5 
5K-10Ru/Fe 1 23.4 22.5 26.4 28.6 45.0 
Reaction conditions: 12 g h mol-1, 300 oC, 1.0 MPa. H2/CO2=2.65. 
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Table 1.5 FTS performance of 5K-10Co/Fe and 5K-10Ru/Fe after 6h on stream. 
Entry Catalyst Conv. / % CO2 Sel. (%) 
Hydrocarbon Sel. / % 
CH4 C2-C4 C5+ 
1 5K-10Co/Fe 65.8 46.9 14.6 32.1 53.3 
2 5K-10Ru/Fe 97.8 35.0 13.7 31.8 54.5 
Reaction conditions: CO: 31.4 v%, H2: 64.5 v%, Ar: 4.1 v%, 300 
oC, 1.0 MPa, W/F = 10 
g h mol-1. 
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Table 1.6 CO2 hydrogenation performance over a single or tandem catalytic system. 
Catalyst 
Number 
of 
reactors 
W/F/ 
(g·h·mol-1) 
Conv. 
/ % 
CO 
Sel./% 
Selectivity / % STY / 
(gfuels/kgcat·h) 
CH4 C2-C4 C5+ C5+ 
K-Co/Fe 1 12.0 40.4 7.1 20.7 38.4 40.9 42.6 
K-Co/Fe 1 6.0 36.5 11.6 17.7 46.3 36.0 64.4 
K-Co/Fe 1 4.0 31.6 17.4 16.2 47.8 35.9 78.0 
K-Co/Fe 2 6.0 64.2 3.3 17.0 42.2 40.8 140.5 
K-Co/Fe 2 3.7 65.1 3.3 21.0 40.4 38.5 227.4 
K-Co/Fe 2 3.0 52.7 5.9 17.3 46.3 36.4 215.9 
K-Co/Fea 2 3.7 24.6 15.1 19.9 44.3 35.8 70.2 
Reaction conditions: 300 oC, 3.0 MPa, H2/CO2 =2.93; [a], a similar two-stage reactor 
system without ex situ water removal. 
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Table 1.7 CO2 hydrogenation performance under different reaction temperature. 
Catalyst 
Number 
of 
reactors 
T/ 
oC 
Conv. 
/ % 
CO 
Sel./% 
Selectivity / % 
STY / 
gfuels/(kgcat·h) 
CH4 C2-C4 C5+ C5+ 
5K-10Co/Fe 2 270 39.0 8.6 17.7 43.9 38.4 128.1 
5K-10Co/Fe 2 300 65.1 3.3 21.0 40.4 38.5 227.4 
5K-10Co/Fe 2 330 69.9 3.2 16.7 31.8 51.5 326.2 
Reaction conditions: 3.7 g h mol-1, 3.0 MPa, H2/CO2 =2.93. 
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Table 1.8 CO2 hydrogenation performance over each individual reactor. 
Catalyst Order number Conv. / % CO Sel./% 
Selectivity / % STY / gfuels/kgcat·h) 
CH4 C2-C4 C5+ C5+ 
5K-10Co/Fe (I) Reactor 1 24.6 21.9 14.6 45.0 40.4 145.3 
5K-10Co/Fe[a] (II) Reactor 2 / / 31.0 33.3 35.6 82.1 
5K-10Co/Fe (III) Overall 65.1 3.3 21.0 40.4 38.5 227.4 
Reaction conditions: 3.7 g h mol-1, 300 oC, 3.0 MPa, H2/CO2 =2.93; [a], data calculated based on hydrocarbon balance (II=III-I). 
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Scheme 1.1 Two-stage reactor system for catalyzing CO2 hydrogenation. 
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Figure 1.1 SEM images of (a) as-prepared 5K-Fe; (b) as-prepared 5K-10Co/Fe; (c) as-
prepared 5K-10Ru/Fe catalysts; (d) spent 5K-Fe; (e) spent 5K-10Co/Fe; (f) spent 5K-
10Ru/Fe catalysts. (The length of the scale bar in panels a-f, represents 10 μm) 
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Figure 1.2 XRD patterns of (a) as-prepared Fe, 5K-Fe and 5K-10Co/Fe catalysts, (b) 
spent Fe, 5K-Fe and 5K-10Co/Fe catalysts.  
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Figure 1.3 XPS spectra of the Fe2p levels of spent Fe, 5K-Fe, and 5K-10Co/Fe catalysts. 
  
 
 
Chapter 1 
28 
 
 
Figure 1.4 XPS spectra of the Fe2p levels of spent 5K-10Co/Fe and 5K-10Ru/Fe catalysts. 
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Figure 1.5 H2-TPR profiles of as-prepared 5K-Fe and 5K-10Co/Fe catalysts. 
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Figure 1.6 (a) CO2-TPD profiles of as-prepared 5K-Fe, and 5K-Co/Fe with different 
Co/Fe mass ratio, (b) the effect of Co/Fe mass ratio on the catalytic performance.  
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Figure 1.7 CO-TPD profiles of as-prepared 5K-Fe and 5K-10Co/Fe catalysts. 
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Figure 1.8 Platform reaction performances of 5K-Fe, 5K-10Co/Fe and 5K-10Ru/Fe 
under different temperatures. After reduction, the catalysts reacted in feed gas at 140 oC 
for 60 min. Then the temperature rised to 180 oC and reacted for 60 minutes. Same 
operations repeated for 220 oC and 260 oC stage reaction.  
 
 
Chapter 1 
33 
 
 
Figure 1.9 Time on stream CO2 conversion of 5K-10Co/Fe over a two-stage reactor. 
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Chapter 2 
One-Pot Hydrothermal Synthesis of Nitrogen Functionalized 
Carbonaceous Material Catalysts with Embedded Iron Nanoparticles 
for CO2 Hydrogenation 
 
A facile fabrication, rather than conventional post-treatment processing, of nitrogen 
functionalized carbon supported iron catalysts as efficient metal promoter-free CO2 
hydrogenation catalysts. 
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Abstract 
Nitrogen functionalized carbon with embedded iron nanoparticles was developed by 
a simple one-pot hydrothermal synthesis process. Different nitrogen atom sources can 
obviously affect the morphologies, structures and surface properties of the formed 
functionalized catalysts through a one-pot hydrothermal self-assembly process. Among 
these processes, the introduction of nitrogen atom from pyrrolidine can promote the 
improvement of CO2 hydrogenation activity while lower the selectivity of undesired CO 
by-product. Different from pyrrolidine introduction, although the addition of three other 
nitrogenous reagents (ethylenediamine, pyridine, and diethylformamide) changed the 
physicochemical properties of the catalysts, the catalytic performance was not improved 
significantly. The improved CO2 hydrogenation performance over these functionalized 
catalysts was found to be correlated with the specific surface areas, the carbonization 
degree of iron species precursor, the amount of defect sites, and the content of pyridine-
like nitrogen structures, which are determined by the doping nitrogen atom types. 
Furthermore, the one-step utilization of nitrogenous reagent as carbon sources also, 
besides nitrogen source, did not show a benign performance for catalyzing CO2 
hydrogenation, indicating the importance of synergistic self-assembly process derived 
from carbonization process of pyrrolidine and glucose. 
 
Keywords: CO2 hydrogenation, Hydrothermal self-assembly, Carbon materials, Iron 
catalysts, Nitrogen functionalization  
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2.1. Introduction 
Considering the gradual consumption of nonrenewable petroleum resources and the 
prominence of environmental issues, catalytic conversion of CO2 and H2 to commodity 
chemicals or fuels is a promising route to mitigate this challenge, which not only stores 
energy but also reduces environmental stress [1-5]. In these catalytic processes, iron-
based catalysts, bimetallic catalysts, and composite catalysts have been widely used for 
the production of valuable chemicals such as olefins, fuels, aromatics, and oxygenated 
chemicals [6-19]. Unlike other metals, iron has a high reverse water-gas shift (RWGS) 
activity, apart from cheap and easy to obtain, which makes it more promising for 
catalyzing CO2 hydrogenation via a modified Fischer-Tropsch synthesis (FTS) process 
[20]. 
Generally, support materials play a crucial role in the dispersion and stabilization of 
active sites during the reaction process. The conventional support materials for iron-based 
catalysts include SiO2, TiO2, Al2O3, and zeolite [21-24]. Although these common support 
materials possess benign physicochemical properties, such as a high ability for stabilizing 
active sites and a high surface area for dispersing active sites, the strong metal-support 
interaction (SMSI) usually led to the difficult reduction and carburization of iron species, 
even the formation of hardly reducible complex compounds [25-27]. Apart from oxide 
materials, carbon materials (carbon sphere, well-defined mesoporous carbon, carbon 
nanotube, graphene etc.) have also been widely used for catalysis reaction in the past 
decades due to well tunable properties [28-30]. Likewise, these carbon materials have 
also been the hot research topic and broad applications in sensing, energy conversion and 
storage, adsorption, etc [31-34]. Weak interactions between carbon supports and metal 
oxides and a favorable carbon environmental factor are in favor of the reduction and 
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carbonization process of iron species, which promote the improvement of catalytic 
performance. 
It is well recognized that metal promoters, as the electron donors, can improve the 
catalytic activity and selectivity by affecting the electron distribution state of active sites. 
Previous research indicates that the doping of alkali metal (K, Na, Mg, etc.) promotes the 
formation of higher hydrocarbons and suppresses the CH4 and CO by-product selectivity 
[10, 14, 35]. In addition, nitrogen doping as promoter-like doping can also well regulate 
the surface properties of carbon materials, such as surface basicity, electric conductivity, 
and electron-donor affinity via electron donor or anchor of active sites [25, 36, 37]. Thus, 
these nitrogen-containing carbon materials as potential supports have broad and 
promising prospects in heterogeneous catalysis. Recently, Liu et al. reported that strong 
basicity derived from nitrogen-containing groups could effectively promote the formation 
of light olefins while suppress methane selectivity during FTS process [25]. Hendrik et 
al. found that nitrogen-containing functional groups act as efficient anchoring sites for 
iron nanoparticles, and this nitrogen functionalized groups led to a high intrinsic activity 
[38]. Similarly, Martin et al. also demonstrated that the presence of nitrogen groups is 
beneficial to the improvement of activity [20]. Chew et al. reported that iron oxide 
nanoparticles on N-doped carbon nanotubes (CNTs) were easier to reduction than O-
functionalized one and silica supported one, and N-functionalized one achieved a higher 
olefin selectivity [39]. The N-doped CNTs were even treated with nitric acid to further 
improve FTS performance [40]. Owing to the high selectivity of undesired CH4 
(approaching 66%) over N-functionalized CNTs, Praewpilin et al. improved the catalytic 
performance through further Mn and K promoter doping [41]. It is worth noting that most 
nitrogen-doped carbon materials are prepared by post-treatment processing, such as 
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calcination in ammonia atmosphere [20, 39, 41-43]. Although carbon materials with 
nitrogen incorporation have been widely used in CO hydrogenation [20, 25, 38, 40], few 
related reports concerning it for CO2 hydrogenation exist [39, 41]. 
Herein, we report a facile fabrication of nitrogen functionalized carbon supported 
iron catalysts as efficient metal promoter-free CO2 hydrogenation catalysts, rather than a 
conventional post-treatment processing. Functionalized nitrogen-containing groups were 
directionally introduced into carbon supports through one-pot hydrothermal self-
assembly. The effects of different nitrogenous reagents on the structure and properties of 
carbon supports were studied. CO2 hydrogenation performances over these nitrogen 
functionalized carbon supported iron catalysts were also investigated and discussed in 
detail. 
2.2. Experimental 
2.2.1 Catalyst Preparation 
First, glucose and iron nitrate were dissolved in deionized water. After stirring for 
two hours, the obtained liquid was transferred into a Teflon-lined stainless-steel autoclave, 
followed by one-pot hydrothermal synthesis at 150 °C for 24 h. Obtained products were 
filtered and washed several times with distilled water and ethanol successively. Finally, 
products were dried in drying oven at 120 °C overnight, marked as Fe/C. As for these 
nitrogen functionalized Fe/C catalysts, pyrrolidine (PYL, 5.0g), ethylenediamine (EDA, 
2.1g), diethylformamide (DFM, 7.1g), and pyridine (PYD, 5.6g) as nitrogen sources were 
added into an aqueous solution containing glucose and iron nitrate, respectively. 
Thereinto, each added nitrogenous reagent had the same molar nitrogen content (0.07 
mol). The next steps were similar to the preparation of Fe/C catalyst. Finally, the obtained 
 
 
Chapter 2 
39 
products were denoted as Fe/C-PYL, Fe/C-EDA, Fe/C-DFM, and Fe/C-PYD, 
respectively. Besides, PYL acting as a carbon and nitrogen source simultaneously was 
also used to fabricate a catalyst, and the corresponding product was marked as Fe-PYL. 
2.2.2 Catalyst characterization 
Scanning electron microscopy (SEM) images were taken by a JEOL JSM-6360LV 
microscope operated at an accelerating voltage of 10 kV. High-resolution transmission 
electron microscopy (HRTEM) for spent catalysts was obtained by a Tecnai G2 F30 at 
300kV. N2 physisorption was performed on a Micromeritics analyzer. Before sample 
analysis, the catalysts were vacuum dried at 120 oC for 6h. XRD spectra of the powder 
catalysts were recorded by a Rigaku RINT 2400 X-ray Diffractometer using Cu-Ka (40 
kV, 40 mA) irradiation. Scans were recorded in the 2θ range of 5-90o with a step size of 
0.02 o/s. Raman spectroscopy measurements were taken by an inVia Basis 532LE Raman 
spectroscopy. The X-ray photoelectron spectroscopy (XPS) analysis was conducted on 
Thermo Fisher Scientific ESCALAB 250Xi multifunctional X-ray photoelectron 
spectroscope. The adsorption and reduction properties of the as-prepared catalysts were 
determined by a BELCAT-II-T-SP Characterization System. 
2.2.3 Catalytic performance test 
CO2 hydrogenation performances over these as-prepared catalysts were conducted 
in a fixed-bed stainless steel reactor (6.0 mm inner diameter). Before reaction, the as-
prepared catalysts (0.5 g) were in situ reduced at 380 oC for 8 h in a pure H2 flow (40 ml 
min-1). After reduction, the temperature was dropped to 300 oC. Subsequently, the reactant 
gas of CO2/H2/Ar (24.5 vol% / 71.8 vol% / 3.7 vol%) was fed into the reactor, and the 
system was pressured gradually to 1.0 MPa. N-octane as solvent was equipped to capture 
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the liquid hydrocarbons in the effluents. The obtained liquid hydrocarbons were analyzed 
by an off-line gas chromatograph using a flame ionization detector. CO2 conversion, CO 
selectivity, and hydrocarbons selectivity were calculated according to equation (1), (2), 
and (3), respectively. 
CO2 conversion (%) = (CO2 in-CO2 out)/CO2 in ×100% (1) 
CO2 in: mole fraction of CO2 in the inlet, CO2 out: mole fraction of CO2 in the outlet. 
CO selectivity (%) =CO out/ (CO 2 in-CO 2 out) ×100% (2) 
CO out: mole fraction of CO in the outlet. 
Ci hydrocarbon selectivity (C-mol %) = Mole of Ci hydrocarbons / Mole of total hydrocarbon×100% (3) 
2.3. Results and discussion 
2.3.1 Structure and surface properties of catalysts 
Scanning electron microscopy (SEM) was carried out to reveal the morphologies 
and structures of the nitrogen functionalized carbon supported iron catalysts, as shown in 
Figure 2.1. As for Fe/C without nitrogen doping, the main morphological structure is 
spherical structure. Although such types of carbonaceous microspheres embedded with 
iron species nanoparticles were fabricated by hydrothermal treatment of a glucose and 
iron nitrate solution [44], nitrogen incorporation for the Fe/C catalysts through the 
hydrothermal process is rarely reported to catalyze CO2 hydrogenation. 
As shown, the introduction of different nitrogen source has a profound influence on 
the apparent morphology and structure of generated carbon materials during 
hydrothermal synthesis process. The dimensions of the spherical structure without N 
doping are mainly between 8 and 12 μm. When the nitrogen source of PYL was 
introduced, the carbon materials present the state of smooth pellet cementation. Obviously, 
the dispersibility of the carbon supports reduces with the addition of PYL. Different from 
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the utilization of PYL, carbon support presents coarse and irregular granules with the 
addition of EDA. Although the introduction of DFM reagent did not change the spherical 
structure of the support materials, the dimensions of the spherical structure were increased 
significantly which was mainly between 9 and 15 μm. Even if the morphology of the 
carbon support changed little with the utilization of PYD, the size of carbon spheres has 
decreased. From SEM micrographs, it is obvious that the original state of nitrogen source 
can affect the carbonation process of glucose, and thus shows different morphologies and 
structures. 
Chain propagation is a structure-sensitive reaction, and the particle size has a 
profound influence on the activity and selectivity of hydrocarbons product especially for 
small-size particles [45, 46]. Previously, Xiong et al. attributed the improved chain 
propagation ability to the Fe crystallite size effect, where smaller carbide particles (from 
5-30 nm) presented a higher C-C coupling activity [47, 48]. Similar phenomena have been 
proposed by other researchers (< 10 nm) [46]. Therefore, to investigate the size effect, the 
particle sizes of these spent catalysts are also compared in Figure 2.2. As can be observed, 
there is a significant difference in particle size, and the difference will affect the catalytic 
performance. According to statistical results obtained from HRTEM images (Figure 2.2), 
the order of these iron species is Fe/PYL (6-8 nm) < Fe/C-PYD, Fe/C (8-12 nm) < Fe/C-
EDA (10-14 nm) < Fe/C-DFM (19-23 nm). Obviously, the distribution of particle sizes is 
affected by nitrogenous reagents. Thus, the introduction of PYL reagent contributed to 
the generation of small particles, which well be crucial for improving catalytic activity. 
N2 physisorption measurement was applied to investigate the structure of reference 
Fe/C and functionalized Fe/C catalysts (Figure 2.3). The detailed results are summarized 
in Table 2.1. As can be seen, the differences in surface area and average diameter are 
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obvious due to nitrogen incorporation. All of these catalysts have low surface area, which 
indicate that these supports are not very nonporous [48]. Among these nitrogenous 
reagents, the introduction of PYL or PYD can significantly increase the surface area of 
carbon supports during hydrothermal process, which is of importance for the dispersion 
of active species. Besides that, the average diameters of carbonaceous microstructures 
also agree well with surface areas (Table 2.1). 
To investigate the phase composition of as-prepared and spent catalysts, X-ray 
diffraction (XRD) characterizations were used (Figure 2.4). The as-prepared Fe/C catalyst 
exhibits a typical phase of humboldtine (FeC2O4·2H2O, JCPDS 23-0293), as reported 
previously [29, 49]. In terms of Fe/C-DFM and Fe/C-PYD, the corresponding diffraction 
peaks are weak indicating the uniform distribution of particles or fine particle sizes. 
Different from the three catalysts above (Fe/C, Fe/C-DFM, and Fe/C-PYD), the main 
phase is iron oxides (Fe2O3, JCPDS 89-0596) for Fe/C-PYL and Fe/C-EDA. According 
to XRD results, it can be deduced that the introduction of different nitrogenous reagents 
can affect the formation of iron species precursor. 
As for the spent catalyst (Figure 2.5), Fe/C consists of iron oxides (Fe3O4, JCPDS 
89-0691) and iron carbides (Fe5C2, 20-0509) [10]. Fe/C-PYL and Fe/C-EDA have the 
same composition as spent Fe/C. The diffraction peaks of the metal Fe (JCPDS 23-0293) 
for the other two catalysts (Fe/C-DFM and Fe/C-PYD) were visibly strong while the 
carbides peaks were weak. Notably, although the iron species precursor is different, spent 
Fe/C-PYD and Fe/C-EDA contain the same phases as Fe/C catalyst. However, the same 
iron species precursor also leads to the differences in diffraction peaks (Fe/C, Fe/C-DFM, 
and Fe/C-PYD). It is indicated that the precursor influenced by nitrogenous reagents has 
little effect on final active phases. Therefore, the differences in diffraction peaks originate 
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from nitrogen incorporation instead of precursor difference. It is intuitively disclosed that 
the functionalization process derived from DFM and PYD modification, is not conducive 
to the carbonization of iron species under reaction conditions (Figure 2.5). 
The differences in the structure of as-prepared and spent iron catalysts were assessed 
by Raman spectroscopy. In terms of the Raman spectra of different iron catalysts, two 
bands can be clearly seen at around 1590 and 1330 cm-1, which can be attributed to the G 
band and the D band, respectively (Figure 2.6) [48]. Generally the intensity of D band is 
a feature for disordered graphite (including defects and sp3-hybridized carbon atoms) 
while the intensity of G band is relative to the growth of graphitic carbon, then the relative 
intensity (ID/IG) of D band and the G band can reflect the defect sites or graphitization 
degree [47, 48, 50]. These Raman peaks were further deconvoluted and compared in Table 
2.2. For these as-prepared catalysts, the degrees of disordered graphite are increased with 
the introduction of nitrogenous reagent except for EDA, which indicates that N 
incorporation is a useful tool to enhance the amount of defect sites. However, significant 
differences in the intensity of ID/IG can be observed after CO2 hydrogenation reaction. 
Different from these of Fe/C-PYL, Fe/C-EDA, and Fe/C-DFM, the intensity of ID/IG is 
significantly increased for Fe/C and Fe/C-PYD catalysts especially for Fe/C-PYD. The 
increases in ID/IG intensity are more likely derived from the structural damages rather than 
structural modification by nitrogenous reagent, which directly indicates the instability of 
the microstructure of the catalyst. 
In order to explore the effect of nitrogen functionalization on the surface properties, 
the reduction degrees (H2-TPR) of different as-prepared nitrogen functionalized catalysts 
based on hydrogen consumption values are compared (Figure 2.7). In addition to Fe/C-
PYL catalysts, the first broad peak around 200-500 oC can be assigned to the reduction 
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process of iron oxide species to metallic Fe (Fe2O3 to Fe3O4, and Fe3O4 to Fe) [47]. And 
there are two obviously inverted peaks between 500-900 oC, which can be attributed to 
the degradation of carbonaceous species or carbon gasification at high temperature [47, 
51]. As for Fe/C-PYL catalyst, a differentiable premature peak (at around 347 oC) arises 
compared to Fe/C, which indicates the nitrogen incorporation from PYL addition 
promotes the reduction of iron species. As opposed to Fe/C, the promotional effects of 
the other three kinds of nitrogen functional catalysts (Fe/C-EDA, Fe/C-DFM and Fe/C-
PYD) are not obvious. 
Meanwhile, the adsorption properties of CO2 were also investigated. According to 
Figure 2.8, we can learn that there is a weak peak between 100 and 200 oC, which can be 
attributed to physical adsorption peaks of CO2. The peaks between 350 and 550 
oC can 
be assigned to chemisorbed peaks. However, the peaks between 550 and 800 oC are due 
to the degradation of carbonaceous materials. Compared with reference Fe/C, the 
adsorption intensity of CO2 increases a lot with the introduction of other four nitrogenous 
reagents but expect PYD. For Fe/C-PYD, we speculate that it is possible that a small 
number of nitrogenous sites could be used to anchor the iron species or were contained 
within the carbon materials, thus showing a poor adsorption performance (Table 2.3, 
Figure 2.8). In terms of other three functionalized catalysts with a higher content of 
nitrogenous groups (Table 2.3), the enhancement of alkalinity significantly promoted the 
adsorption of CO2. 
It is well known that the surface composition of the catalyst has an important effect 
on the reaction performance [10]. To further investigate and compare the surface states of 
these catalysts, X-ray photoelectron spectroscopy (XPS) analysis was used. The survey 
scan spectra of different Fe-based catalysts were compared in Figure 2.9. From scan 
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spectra, it was found that although each nitrogenous reagent could introduce nitrogen 
atoms into the supports, there was a significant difference in the intensity of nitrogen atom 
on the surface of catalysts. To some extent, the results have clearly shown that the 
coupling strength of nitrogen atoms from different nitrogen reagents and carbon atoms 
from glucose, is obviously different during carbonization process. Generally, the 
formation of these carbon materials involves a series of complex processes such as 
dehydration, condensation, polymerization and aromatization [52, 53]. The introduction 
of nitrogenous reagent influences these processes through the different existence manner 
of nitrogenous functional groups, which in turn affects the morphology and structure of 
the catalyst. 
Elemental compositions of nitrogen functionalized iron catalysts were explored by 
XPS measurements, and summarized in Table 2.3. It is clear that different nitrogen 
reagents have introduced varied amounts of nitrogen atoms. At least till now post-
treatment such as nitric acid vapor treatment or calcination under NH3 atmosphere is the 
common nitrogen doping treatment method [20, 39, 41], but the surface nitrogen content 
of these catalysts is less than 5 at.% [20, 39]. In contrast, one-step method employed here 
is more advantageous as it simplifies the preparation process of catalyst, lowering the 
catalyst preparation cost. In addition, a carbonaceous material catalyst with high nitrogen 
content (up to 9.1 at.%) can also be fabricated via the one-pot hydrothermal method (Table 
2.3). It indicates that one-step method is a good alternative for nitrogen-atom 
incorporation. Notably, nitrogen atoms in PYD and DFM are possibly more different to 
be introduced into the carbon materials (Figure 2.9 and Table 2.3). Although the content 
of Fe appears to be related to the source of the nitrogenous reagent, the relationship 
between Fe content and nitrogenous reagent is not clear. However, when we further 
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correlate Fe content with the intensity of ID/IG, a positive-going relationship emerges 
(Table 2.4 and Figure 2.10). Obviously, Fe content is affected by ID/IG intensity, which is 
determined by the nitrogenous functional groups. Generally, nitrogenous groups, as an 
anchor of active sites, contribute to the immobilization of iron species [45, 48], thus there 
should be some relationship between the amount of iron species and the amount of 
nitrogen. By contrast, a good linear relationship exists between the iron content and the 
amount of defect sites (Figure 2.10) rather than the content of nitrogen atom. Therefore, 
the iron species are more likely to interact with the defect sites, not just the well-
recognized anchoring effect from the nitrogen-containing groups. As discussed above, the 
preparation process of nitrogen functionalized carbonaceous material catalysts involves a 
series of complex steps. Similarly, it is reported that the existence of iron species can also 
influence the amount of nitrogen-atom doping and graphitization degree besides the 
morphological structure of catalyst [54]. Therefore, it is well accepted that there are some 
interactions among Fe, N and C elements for these formed nitrogen-containing catalysts. 
According to Table 2.2, the intensity of ID/IG after the reaction changes to a certain extent, 
which is derived from structural reconstruction or structure damage. In view of this, we 
can infer that the presence of nitrogen-containing functional groups in the catalyst will 
affect the structural changes during the reaction, in which ID/IG intensity is a visual 
manifestation. In other words, the presence of nitrogen atoms can regulate the surface 
defects of the catalyst during the reaction. At the same time, there exists an interaction 
between these defect sites and iron species which are active sites for catalyzing CO2 
hydrogenation. From the visual representation analysis, it reaches a good linear 
relationship between these defects and the surface iron content. 
To determine the types of nitrogenous species or bonding configurations of 
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incorporated N-atom, N1s XPS spectra for these nitrogen functionalized catalysts were 
deconvoluted (Figure 2.11). All of these nitrogen functionalized catalysts have two 
characteristic peaks, regardless of what kind of nitrogen-containing reagent being used. 
The binding energy peaks at around 400.3 and 398.8 eV in the N1s spectra are ascribed 
to pyridine nitrogen and pyrrolic nitrogen, respectively [48, 55]. The N doping in carbon 
materials changes electron donor state (C-C/C-N 2pπ electron state) such as the 
enhancement of state density near the Fermi level [56, 57]. Pyridine-like nitrogen 
structures are able to change the valence band structure of C network efficiently, and the 
metal-like behavior derived from N doping is related to this feature [56, 57]. However, 
the pyridine-like nitrogen content is significantly decreased with the introduction of DFM 
and PYD reagents. The introduction of different nitrogen functional groups regulates the 
bonding configurations of nitrogen. Such different configurations exhibit variant effects, 
and then present the tuned for catalytic performance. In other words, the catalysts 
modified by DFM and PYD reagents may exhibit a poor promotional behavior. 
Fe2p spectra of reference Fe/C and nitrogen functional catalysts are also compared 
(Figure 2.12). Compared with the reference Fe/C catalyst, the Fe2p3/2 peaks with 
nitrogen modification shifts toward low binding energy, indicating the increase of 
electron density for iron species. It is reported that the enhanced electron density of iron 
species derived from electron transfer, intensifies Fe-C bond while weakens the C-O bond 
[45, 58]. Although the nitrogen atoms adopt sp2 hybrid configuration in both pyridine-
like and pyrrolic-like nitrogen structures, the nitrogen from the pyridine conjugated 
structure shows higher electron density than that of pyrrolic nitrogen groups. Hence, this 
high electron density nitrogen atom is more conducive to stabilizing the Fe-C bond, which 
is consistent with XRD results (Figure 2.5). Lu et al. also demonstrated that the nitrogen 
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incorporation promotes the formation of active carbides through Mössbauer spectra 
results [45]. In fact, according to the XRD patterns (Figure 2.5), it can be found that the 
use of different nitrogen containing reagents can significantly affect the formation of 
active phase. For Fe/C-PYD and Fe/C-DFM catalysts, the content of active phase (Fe3O4 
and Fe5C2) decreased with the introduction of nitrogen reagents (PYD and DFM). 
Therefore, despite the presence of electron-enriched carbides, the catalytic activity was 
not improved, as shown in Table 2.5. Obviously, the high active phase content and the 
presence of electron-rich carbides are beneficial to improve the catalytic performance if 
these factors exist simultaneously. 
Generally controllable morphologic structure and composition of the catalyst are of 
importance for understanding the reaction process or mechanism. For these 
functionalized carbonaceous material catalysts, the morphology, structure as well as 
composition can be well regulated via the introduction of varied nitrogenous reagents. 
Moreover, the nitrogen configuration in the catalyst system can also be tuned by applying 
different nitrogen-containing groups (Figure 2.11). Hence, the preparation process of 
these catalysts is a promising way for the fabrication of well-defined functionalized 
catalyst. 
2.3.2 Catalytic performance of varied catalysts for CO2 hydrogenation 
CO2 hydrogenation performances over these functionalized catalysts were evaluated 
in a fixed bed and summarized in Table 2.5. After adding PYL reagent as a nitrogen source, 
high CO2 hydrogenation activity (21.6%) and low undesired CO by-product selectivity 
(29.2%) are achieved, compared to those achieved with the reference Fe/C (Table2.5, 
Entry 1-2). Meanwhile, the selectivity of liquid hydrocarbons is also increased slightly 
(Table 2.5, Figure 2.13a). As mentioned above, the existence of PYL can promote the 
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generation of small-sized carbide species of spent catalyst (Figure 2.2), in addition, it can 
also promote the increase of as-prepared catalyst surface area (Table 2.1). Unlike the other 
three nitrogenous reagents, PYL not only promotes the reduction process (moving 
towards lower temperatures), but also significantly improves the adsorption behavior of 
carbon dioxide on the surface of catalyst (Figure 2.7 and 2.8). These factors play an 
important role in the formation of active phase and the efficient formation of subsequent 
products. The XRD pattern also shows that the PYL-modified iron catalyst still has a 
good active carbide diffraction peak for the spent catalyst than Fe/C-PYD and Fe/C-DFM. 
Meanwhile, high-resolution of N1s XPS spectra of spent nitrogen functionalized catalyst 
showed that the PYL modified iron-based catalyst had more pyridine nitrogen, which is 
crucial for improving CO2 hydrogenation performance. Therefore, compared with 
reference Fe/C catalyst, PYL modified catalysts presented higher activity (21.6% vs. 
16.9%) and product selectivity (29.2% CO sel. vs. 41.2% CO sel.) For EDA reagent, the 
CO2 hydrogenation activity (18.5%) is slightly increased without decreasing the CO 
selectivity. However, its product distribution of formed hydrocarbon migrates from long-
chain hydrocarbons to low-carbon hydrocarbons. In fact, different from PYL addition, the 
catalyst after the reaction has a larger active phase size for EDA modified Fe/C catalyst 
(Figure 2.2), thus it presents a lower activity than PYL-modified one. Different from PYL 
and EDA reagent, catalytic activity is decreased obviously with the modifications from 
the other two nitrogen-containing reagents (Table 2.5, Entry 4-5). The main products are 
light hydrocarbons, especially for CH4. This weak chain growth is due to poor active 
carbide formation (Figure 2.5) and low content of pyridine-like nitrogen structures 
(Figure 2.11), which are crucial for the formation of heavy hydrocarbons [59]. In addition, 
XRD patterns (Figure 2.5) clearly indicate that the doping of DFM or PYD is not 
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conducive to the carbonization of iron species or active phase formation (Fe3O4 and 
Fe5C2). Correspondingly, it presents an inferior catalytic (Table 2.5, 15.8% of DFM and 
15.9% of PYD) activity than EDA and PYL modified Fe/C (21.6% of PYL, and 18.5% 
of EDA). It is worth noting that although the utilization of PYD can significantly promote 
the increase of specific surface area of as-synthesized Fe/C-PYD, the surface composition 
of the catalyst after the reaction shows that the surface composition has a more direct 
effect on the reaction by combining experiment results and characterization data. The 
detailed hydrocarbons distribution is compared in Figure 8a. The results of the CO2 
conversion as well as CO selectivity as a function of time on stream are also listed in 
Figure 2.13b and 2.13c. As observed, these carbon-supported iron catalysts reached 
steady state within 6 h. Besides that, the effect of PYL reagent additive amount on CO2 
hydrogenation performance was also studied (Figure 2.14). Compared with the reference 
Fe/C catalyst, the utilization of PYL reagent can reduce the selectivity of CO by-product. 
In other words, introduction of PYL reagent as a powerful catalyst modifier is conducive 
to the efficient use of carbon element.  
Most of carbon support materials can be synthesized through organic template 
methods, such as the glucose mentioned above. On the basis we also considered whether 
these nitrogen-containing reagents could serve as templates to provide both nitrogen 
source and carbon source. Based on this catalyst design concept, we further evaluated the 
CO2 hydrogenation performance over the corresponding catalysts. Compared with Fe/C-
PYL, poor catalytic performance of the Fe-PYL was observed under the same conditions 
(Table 2.6). It indicated that the hydrothermal self-assembly process by coupling glucose 
and PYL or carbonizing glucose was more favorable and efficient than the utilization of 
pyridine alone. This effect was mainly due to the influences of organic templates (nitrogen 
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and carbon source) during hydrothermal process, thus it led to the differences in catalytic 
performance. 
2.4. Conclusions 
Nitrogen functionalized carbonaceous materials with embedded iron nanoparticles, 
acting as CO2 hydrogenation catalysts, were developed successfully through a facile one-
pot hydrothermal synthesis process. The morphologies and structures changed obviously 
with the implantation of different nitrogenous reagent. Besides, the introduction of 
nitrogenous reagents facilitated the formation of defect sites except EDA reagents. The 
microstructure for Fe/C-PYL and Fe/C-EDA was more stable than that of Fe/C-PYD and 
reference Fe/C. The content of iron presents a positive-going functional relationship with 
the amount of defect sites labeled as ID/IG intensity. Although N atom was well introduced 
into carbon support materials, the content of N atom and N bonding configurations 
differed by original reagents. The functionalized processes from PYL and EDA reagents 
were beneficial for the formation of pyridine-like nitrogen structures, which were 
responsible to the metal-like promoter behavior. Combined with characterization and 
experiment findings, it is concluded that the specific surface area, the amount of defect 
sites, the carbonization degree of iron species precursor, and the content of pyridine-like 
nitrogen structures played a crucial role in improving the catalytic performance of CO2 
hydrogenation. PYL as a well-performing nitrogen source precisely regulated the 
physiochemical properties of the final catalyst, consequently achieving an outstanding 
performance. This nitrogen-doped carbon material provided an efficient strategy or 
concept for catalyzing CO2 hydrogenation. 
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Table 2.1 Surface area and average diameter of reference and nitrogen functionalized 
catalysts. 
Entry Catalyst Surface area / m2/g)a Average diameter (μm)b 
1 Fe/C 6.7 7 
2 Fe/C-PYL 33.7 3 
3 Fe/C-EDA 10.6 6 
4 Fe/C-DFM 4.0 12 
5 Fe/C-PYD 35.7 3 
a Determined by BET curves. b Determined by SEM micrographs. 
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Table 2.2 The relative intensities (ID/IG) of G band and the D band for fresh and spent 
catalysts. 
Entry Catalyst 
ID/IG
a 
Used Fresh 
1 Fe/C 2.27 1.32 
2 Fe/C-PYL 1.55 1.92 
3 Fe/C-EDA 1.21 1.11 
4 Fe/C-DFM 1.57 1.66 
5 Fe/C-PYD 4.19 1.75 
a Determined by Raman spectroscopy. 
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Table 2.3 Elemental compositions of nitrogen functionalized carbon supported iron 
catalysts. 
Entry Catalyst XPS analysis / (atom) % 
Fe C O N 
1 Fe/C 8.2 69.4 22.4 / 
2 Fe/C-PYL 4.5 68.9 22.2 6.4 
3 Fe/C-EDA 3.8 60.2 26.9 9.1 
4 Fe/C-DFM 4.6 74.2 17.8 3.4 
5 Fe/C-PYD 17.5 31.8 49.5 1.2 
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Table 2.4 Positive relationship between structural defects and surface iron content. 
Entry Catalyst 
ID/IG
a Content (atom) %b 
Used Fe  
1 Fe/C-PYD 4.19 17.5 
2 Fe/C 2.27 8.2 
3 Fe/C-DFM 1.57 4.6 
4 Fe/C-PYL 1.55 4.5 
5 Fe/C-EDA 1.21 3.8 
a Determined by Raman spectroscopy. b Determined by XPS results. 
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Table 2.5 Catalytic performance of CO2 hydrogenation over nitrogen functionalized 
catalysts. 
Entry Catalyst 
T / 
oC 
P / 
MPa 
W/F / 
g·h·mol-1 
Conv. 
/ % 
CO 
Sel. 
/ % 
Selectivity / (c-
mol) % 
CH4 C2-C4 C5+ 
1 Fe/C 300 1.0 12 16.9 41.2 36.6 47.5 15.9 
2 Fe/C-PYL 300 1.0 12 21.6 29.2 36.8 46.0 17.2 
3 Fe/C-EDA 300 1.0 12 18.5 41.4 42.2 47.4 10.4 
4 Fe/C-DFM 300 1.0 12 15.8 55.2 45.1 45.9 8.9 
5 Fe/C-PYD 300 1.0 12 15.9 40.5 46.8 47.1 6.1 
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Table 2.6 Catalytic performance over different functional iron-based catalysts. 
Entry Catalyst T / oC 
P / 
MPa 
W/F / 
g·h·mol-1 
Conv. 
/ % 
CO 
Sel. 
/ % 
Selectivity / (c-mol) % 
CH4 C2-C4 C5+ 
1 Fe/C 300 1.0 12 16.9 41.2 36.6 47.5 15.9 
2 Fe/C-PYLa 300 1.0 12 21.6 29.2 36.8 46.0 17.2 
3 Fe-PYLb 300 1.0 12 14.2 38.7 38.4 47.4 14.1 
a Glucose is the carbon source and PYL is the nitrogen source. b PYL is the carbon and 
nitrogen source. 
 
  
 
 
Chapter 2 
63 
 
 
Figure 2.1 Typical SEM images of fresh (a) Fe/C, (b) Fe/C-PYL, (c) Fe/C-EDA, (d) Fe/C-
DFM, (e) Fe/C-PYD. 
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Figure 2.2 Typical TEM images of spent (a) Fe/C, (b) Fe/C-PYL, (c) Fe/C-EDA, (d) 
Fe/C-DFM, (e) Fe/C-PYD. 
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Figure 2.3 N2 adsorption-desorption isotherms of nitrogen functionalized catalysts. 
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Figure 2.4 XRD patterns of the as-prepared iron-based catalysts. 
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Figure 2.5 XRD patterns of the spent iron-based catalysts. 
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Figure 2.6 De-convolution of Raman spectra. (a-e) spent catalyst, (f-j) fresh catalysts. 
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Figure 2.7 H2-TPR profiles of the different nitrogen functionalized catalysts. 
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Figure 2.8 CO2-TPD profiles of the different nitrogen functionalized catalysts. 
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Figure 2.9 XPS survey scan spectra of different Fe-based catalysts. 
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Figure 2.10 The positive-going relationship between ID/IG intensity and Fe atom content. 
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Figure 2.11 High-resolution N1s (a-d) XPS spectra of spent nitrogen functionalized 
catalysts (Blue line represents pyrrolic nitrogen, and Orange line represents pyridine 
nitrogen).  
 
 
Chapter 2 
74 
 
 
Figure 2.12 High-resolution Fe2p XPS spectra of spent nitrogen functionalized catalysts. 
  
 
 
Chapter 2 
75 
 
 
Figure 2.13 (a) Comparison of the product distribution over different catalysts. (b) CO 
selectivity vs time on stream. (c) CO2 hydrogenation activity vs time on stream. 
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Figure 2.14 The catalytic performances over a reference Fe/C and PYL functionalized 
catalysts (black bar represents CO2 conversion, and red bar represents CO selectivity).  
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Chapter 3 
Combined Methane Dry Reforming and Methane Partial Oxidization 
for Syngas Production over High Dispersion Ni Based Mesoporous 
Catalyst 
 
Ni based mesoporous Al2O3 catalysts were prepared by evaporation-induced self-
assembly (EISA) method, and were employed as catalyst in combined methane dry 
reforming (DRM) and methane partial oxidization (POM) reaction. 
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Abstract 
Ni based mesoporous Al2O3 catalysts were prepared by evaporation-induced self-
assembly (EISA) method, and were employed as catalyst in combined methane dry 
reforming (DRM) and methane partial oxidization (POM) reaction. Transmission electron 
micrographs (TEM), N2 physical adsorption-desorption, H2 chemisorption and 
temperature programmed reduction (H2-TPR), X-ray diffraction (XRD) and Raman 
spectroscopy were used to characterize the catalysts. The TEM and N2-physisorption 
characterization showed that the catalysts had typical mesoporous structure. The catalytic 
activity tests results indicated that the catalysts prepared by the one-pot method had better 
catalytic performance for combined methane dry reforming and methane partial oxidation 
reaction. The coupling reactions between DRM and POM in the mesoporous channel can 
facilitate the heat exchange better, then promoting catalytic performance. The TEM and 
Raman analysis of used catalysts showed that combined DRM with POM could 
effectively suppress the formation of carbon on catalysts surface. 
 
Keywords: Methane dry reforming, Mesoporous alumina, Nickel-based catalyst, 
Methane partial oxidation  
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3.1. Introduction 
Methane dry reforming (DRM) to produce synthesis gas is a most important process 
in C1 chemistry, which has received extensive attention in the last two decades [1-6]. On 
one hand, it is a potential chemical way to utilize methane and CO2, two main greenhouse 
gases resulting in serious environment problem. On the other hand, synthesis gas, the 
product of methane dry reforming, is an important raw material to produce liquid 
hydrocarbons [7-9]. 
Methane dry reforming reaction is a highly endothermic process according to 
reaction thermodynamics, requiring large amount of extra energy. Meanwhile, another 
deficiency of methane dry reforming process is that large whiskers carbon generating on 
the catalyst surface, which could deactivate the activity of catalyst and results in another 
problems [10-13]. Besides, the molar ratio of H2/CO produced in DRM process is often 
less than 1, which does not match the need of the process of methanol synthesis and 
Fischer-Tropsch synthesis [13-15]. 
On account of the above problems, it is desired to couple the methane dry reforming 
with other reaction process to overcome abovementioned deficiencies. As we know that 
POM reaction is a typical exothermic process [16-18], which stoichiometrically produces 
a H2/CO molar ratio of 2. However, this POM reaction is difficult to control, because of 
the appearance of hot spot and the possible risk of explosion in reaction. It is also difficult 
to keep the catalyst being maintained in reducing state. Thus, the combination of 
endothermic DRM process and exothermic POM process is expected to overcome the 
shortcomings of both two processes. The combined process (DRM-POM) can also 
effectively interchange the energy by combining the exothermic process and the 
endothermic process of DRM and POM reaction [19-21]. Furthermore, it can provide 
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different H2/CO molar ratio to meet the gas to liquid (GTL) process by changing the 
O2/CO2 ratio of reactant composition.  
In previous study, the main catalytic metal for POM-DRM process was noble metal 
[22-24], which could provide better catalytic activity and stability. However, the noble 
metal catalysts are unsuitable widely used for its high cost. Therefore, the low-cost metal 
and cobalt-based catalysts were also investigated [25, 26]. Great efforts had been made 
to improve the catalytic performance of nickel-based catalysts, such as modification with 
alkaline earth metal oxide or small amounts of noble metals, changing the structure or 
chemical composition of support, and so on. 
Recently we found a reduced mesoporous alumina catalyst, with low content of Ni, 
was an excellent catalyst for methane dry reforming reaction under atmospheric pressure 
[27]. In addition, characterization results indicated that this kind of Ni-Al2O3 catalyst had 
higher dispersion of Ni metal particles and stronger nickel-alumina interaction than that 
of the supported catalyst after reduction. In this study, we investigated the performance 
of the typical mesoporous Al2O3 catalyst prepared by the EISA method in combined DRM 
and POM under same condition. For comparison, a supported catalyst with ordered 
mesoporous Al2O3 was also prepared by sample impregnation method. We expected that 
this kind of mesoporous Ni-Al2O3 catalysts with high dispersion of Ni will be also 
beneficial for the combined reaction of methane. 
3.2. Experimental 
3.2.1 Catalyst Preparation 
The catalyst was prepared by the EISA method with minor modification as previous 
literature [7]. Typically, appropriate amount of surfactant (EO)20(PO)70(EO)20 (P123, 
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Sigma Aldrich) was firstly dissolved in absolute ethanol. Then, the aluminum source 
aluminumisopropoxide and Ni(NO3)2·6H2O were carefully added into the solution under 
vigorous stirring. After the nickel nitrate dissolved, a fixed amount of concentrated nitric 
acid was slowly dropped into the solution. Few minutes later, the aluminumisopropoxide 
dissolved, the solution was still vigorously stirred at least 5 h. The obtained suspension 
was heated at 60 °C to remove ethanol in a furnace with a small opened window for 72 h. 
The obtained product was heated to 700 °C at a rate of 2 °C min-1 and then calcined for 5 
h under air atmosphere. The obtained catalyst sample was named as Ni-MA. The 
mesoporous alumina support (MA) was also synthesized according to the above method. 
Supported catalysts were prepared via conventional impregnation method using same 
nickel resource as above. The obtained sample was firstly dried at 120 °C at least 3 h and 
then calcined at 500 °C for 3 h. The loading of nickel was 6 wt% in both the catalyst 
samples. 
To demonstrate the superiority of EISA method than impregnation method (post-
treatment processing), the EISA method here was applied to synthesize related Ni-based 
catalysts. Thus, a nickel based catalyst with spinel-like structure prepared by evaporation-
induced self-assembly was also compared for combined DRM and POM reaction. In brief, 
0.01 mol Ni(NO3)2·6H2O, 0.02 mol Al(NO3)3·9H2O, and 0.066 mol urea melt at 120 
oC 
for 20 min. Thereinto, the molar ratio of urea / metal nitrate equals 2.2. Subsequently, the 
mixtures was transferred to 600 oC muffle furnace to burn 30 min. after that, the catalyst 
precursor was further calcined at 700 oC for 4h. The spinel-like structure (NiAl2O4) 
catalyst was obtained, labelled as NiAl2O4-C. For comparison, a similar structure of 
NiAl2O4 was also prepared through precipitation method, marked as NiAl2O4-P. Besides, 
to further enhance catalytic performance, Pt metal was impregnated on the surface of 
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catalyst. The loading of Pt in the catalyst system is 1.0 wt%. 
3.2.2 Catalyst characterization 
The powder X-ray diffraction data were collected using X-ray diffractometer 
(RinT2200V/PC, from Rigaku Corporation) in the 2θ region of 10-80°, operated at 40 kV 
and 30 mA. 
Nitrogen physical adsorption measurements were measured using a physical 
absorption instrument (Autosorb-1-C, from Quantachrome) at -196 °C. The samples were 
pretreated by degassing under vacuum condition at 200 °C for 2 h. The surface area of 
samples was calculated according to BET method, and the distribution of pore was 
determined from the branch of desorption isotherms according to BJH method. 
H2-TPR was carried out on a reduction device (BELCAT-B-TT, JAPAN INC.) being 
connected to a thermal conductivity detector (TCD). A mixture gas (5 vol%H2/Ar) was 
employed as reduction gas in a flow rate of 30 ml/min. All the samples were subjected in 
the range of 50-800 °C. The sample (about 30 mg) was heated to 150 °C for 1 h in the 
flow of Ar before each test. 
The micro morphology was obtained by TEM on a transmission electron microscope 
(JEOL JEM-2100 UHR). Raman spectra were recorded using a Raman microscope 
(Renisha Invia 2000, UK) at 514.5 nm wave length. The samples were uniformly 
dispersed by ultrasound treatment and then dropped onto a transparent glass wafer. 
The average particle size and exposed surface area of metal nickel were confirmed 
by H2 chemisorption. The samples were firstly reduced by pure hydrogen at 700 °C before 
H2 chemisorption, and then cooled to 30 °C under a flow of helium. After that, the 
chemisorption system was evacuated for 1 h and then the system gas changed to hydrogen 
to begin the chemisorption process. 
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3.2.3 Catalytic performance evaluation 
The catalytic performance was evaluated over a static-bed catalytic reactor (quartz, 
i.d., 6 mm) under atmospheric pressure. The feed gas flow contained of CH4, CO2 and O2 
in a fixed molar ratio of CH4:(CO2+2O2) = 1 and were introduced into reaction system by 
separate line, respectively. The Ar as internal standard substance was added into reaction 
with CH4 in a molar ratio of CH4: Ar = 9:1. The catalyst was firstly reduced at 700 °C for 
2 h using a 5 vol% H2/Ar as reductant at certain flow rate before each reaction. The 
effluent gas was firstly flowed through a cold trap in order to remove water vapors and 
then quantitatively analyzed using two different GC with TCD. The calculation method 
of conversion and the molar rate of H2/CO was listed as following. 
CH4 conversion, vol% = ((CH4/Ar) in - (CH4/Ar) out) / (CH4/Ar) in × 100 
CO2 conversion, vol% = ((CO2/Ar) in - (CO2/Ar) out) / (CO2/Ar) in × 100 
H2/CO ratio = H2 generation rate / CO generation rate 
3.3. Results and discussion 
3.3.1 Characterization of the as-prepared catalysts 
Figure 3.1 shows the N2 adsorption-desorption isothermal curves. As showed in 
Figure 3.1, the mesoporous samples presented the typical type-IV adsorption-desorption 
isotherms with clear hysteresis loops. This finding suggests that the ordered mesoporous 
pore appeared in the samples. By using the BJH method, the distributions of pore size are 
compared in Table 3.1. It is clear that the distributions of pore size are narrow, indicating 
there existed only one type of pore. It can be observed that all the samples possessed high 
surface area larger than 265 m2/g and large pore volume. The average pore diameter was 
range from 8.43 to 12.2 nm. The nickel surface area of Ni/MA and Ni-MA, which was 
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calculated via hydrogen chemisorption, was 3.25 and 3.75m2/g, respectively. For Ni-MA 
catalyst and Ni/MA catalyst, the introduction manner of Ni is different from each other. 
In terms of Ni-MA, Ni should be uniformly incorporated into the mesoporous MA bulk 
support during a synthesis process. Hence, smaller Ni particles might stay in smaller holes 
and then behave in a slightly larger aperture distribution than Ni/MA catalyst. As for 
Ni/MA catalyst, Ni particles would be uniformly dispersed on the surface of the MA 
support, and present a small pore size distribution. Based on BET results, it is can be 
deduced that the introduction manner of Ni can well regulate the pore size distribution of 
support. In view of the good stability of the catalyst as revealed by the following stability 
study, the reduced catalyst was not investigated. Generally, there exist five different 
hysteresis shapes for different catalytic supports. The H1 style hysteresis usually reflects 
the cylindrical pore structure with uniform diameter distribution, in which the tube opens 
at both ends. The H2 style hysteresis represents the complex pore structure such as ink-
bottle type pores. And it can be further divided into H2a and H2b hysteresis. H2a usually 
exists in ordered 3D mesoporous materials. H2b is commonly found in ordered 
mesoporous materials after hydrothermal treatment. However, H3 and H4 style hysteresis 
represent an irregular pore structure. In the case of H5 style hysteresis, it is rare and it 
usually consists of a hole with two ends open and a hole with one end blocked. By 
comparing the hysteresis ring, it can be inferred that the samples exhibit an H2b hysteresis. 
XRD patterns of the catalysts are compared in Figure 3.2. The catalysts were firstly 
reduced according to reduction procedure described in experiment section. It can be 
observed that there were three typical diffraction peaks in Figure 3.2b, which could be 
identified as the (311), (400) and (440) reflection of the γ-alumina. For the unreduced 
catalysts, it exhibited a broad peak around 20-30°, corresponding to an amorphous phase 
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of alumina, which is in accordance with previous reports [29, 30]. No evident 
characteristic peaks of NiO were found in Figure 3.2a, indicating that the nickel species 
were well dispersed on the support. On the reduced catalysts, the XRD patterns showed 
signals of diffraction peaks at 2θ=34.2°, 52.1°,76.6° and 37.0°, 45.0°,65.5°, which were 
indexed to the (111), (200), (220) and (311), (400) and (440) planes of metallic nickel and 
NiAl2O4 spinel, respectively. This indicated that Ni species existed in two forms. 
Compared with γ-alumina, the diffraction for Ni was quite weak, implying that the Ni 
clusters were very small. 
The TEM images of samples are demonstrated in Figure 3.3. For MA and Ni-MA, it 
can be clearly observed that there existed homogeneous pores. For Ni/MA, it is clear that 
the nickel particles were uniformly dispersed on the surface of MA, which might block 
the pores of MA. But for Ni-MA, it can be found that there are no the nickel particles 
were appeared on the surface of MA, indicating the nickel particles were well embedded 
into the structure of γ-alumina. 
The interaction between metal particles and support is very important factor for 
catalytic performance. TPR measurements were applied to investigate this interaction 
between nickel and γ-alumina and the TPR curves are showed in Figure 3.4. It can be 
found that the reduction temperature of Ni-MA appeared at 705 °C, but the reduction 
temperature of Ni/MA was located at 655 °C, about 50 °C lower than that of Ni-MA, 
suggesting the nickel γ-alumina interaction of Ni/MA was weaker than that of Ni-MA. 
This due to the fact that the nickel species in Ni-MA catalyst were completely embedded 
into the frame structure of γ-alumina during the preparation process by the EISA method. 
3.3.2 Catalytic performance 
Addition of oxygen to the reactant feed during the methane dry reforming can 
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effectively overcome the shortcomings of DRM and POM process. The methane 
conversion would increase due to part of methane taking part in POM reaction, compared 
with single DRM reaction. Meanwhile, the carbon dioxide conversion would slightly 
decrease for new CO2 produced during POM reaction. The combined DRM and POM 
reaction results over Ni-MA and Ni/MA are presented in Figure 3.5. During 6 h reaction, 
the Ni-MA catalyst showed the conversions of CH4 and CO2 as 85.9% and 78.1% 
respectively. For Ni/MA, the conversion of CH4 and CO2 were 81.3% and 74.8%, 
respectively, lower than those of Ni-MA. This is because that the exposed Ni surface area 
of Ni-MA was 3.75m2/g, larger than that of Ni/MA. As we all known that large exposed 
nickel surface area could provide more reaction sites for methane activation. Besides, 
DRM is endothermic and POM is exothermic. Obviously, for Ni-MA, the coupling 
reactions between DRM and POM in the mesoporous channel can facilitate the heat 
exchange (Figure 3.6), therefore we infer that the presence of mesoporous channel can 
also enhance the activity. As Ni-MA had higher catalytic activity and larger exposed 
activated sites, the followed reaction conditions experiment was focused on the Ni-MA 
catalyst. Previously, a Ce modified Pt/ZrO2 catalyst was adopted for combined partial 
oxidation and dry reforming reaction of methane [31]. Thereinto, the conversion of CH4 
was only 54%, and when the reaction time reached 5 h, the conversion of CH4 dropped 
to 50%. Besides, a NiO decorated MgO-ZrO2 system was reported for POM and DRM 
coupled reactions [32]. Although this NiO-MgO-ZrO2 catalyst had a good stability during 
400 min, CH4 conversion activity should have further improvement if compared with this 
mesoporous Ni-MA catalyst. Even compared with supported noble metal (e.g., Ru, Rh 
and Pt) catalysts [33, 34], the catalytic performances such as stability and reaction activity 
of this mesoporous Ni-MA catalyst are still rather comparable. Based on the points 
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discussed above, we can deduce that this mesoporous catalyst synthesized through one-
step EISA method is a promising catalyst to some degree, and conducive to improving 
coupled reforming reaction performance consisting of DRM and POM process. 
The influences of reaction temperature on H2/CO molar ratio are showed in Figure 
3.7. The H2/CO molar ratio was decreased gradually with reaction temperature increasing, 
which is ascribed to another endothermic process (reverse water gas shift reaction). It 
occurred during the reaction and was promoted by increasing the temperature, which 
could consume CO2 as well as H2, and resulted in the increasing of CO2 conversion as 
well as a decreasing of H2/CO molar ratio accordingly. 
The influences of CO2/O2 ratio are listed in Table 3.2. It can be found that the 
conversion of methane and the molar ratio of H2/CO presented an increasing tendency 
with the decreasing of CO2/O2 molar ratio under different reaction temperature. 
According to the catalytic results, the CH4 conversion increased from 68.0% to 80.7% at 
700 °C and from 93% to 94% at 800 °C. Meanwhile, the H2/CO ratio increased from 0.98 
to 1.38 at 700 °C and from 0.96 to 1.36 at 800 °C. However, the CO2 conversion firstly 
decreased with the decreasing of CO2/O2 from 1/0 to 0.5/0.25 and then increased with the 
decreasing of CO2/O2. This is because that methane dry reforming and methane partial 
oxidation reaction reached the balance state according to its chemical equation when the 
molar ratio of CO2/O2 equal to 0.5/0.25. 
The catalytic activity stability of Ni-MA with time on stream at 750 °C is shown in 
Figure 3.8. For the single methane dry reforming reaction, the catalytic activity of Ni-MA 
is decreased slightly after 100 h reaction. The conversions of CO2 and CH4 are decreased 
about 3.5%. Compared with the single methane dry reforming reaction, the conversions 
of CO2 and CH4 are kept almost unchanged during all 100h reaction period under 
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combined methane dry reforming with methane partial oxidation reaction with CH4: CO2: 
O2=1: 0.5: 0.25. 
The carbon deposition is an important factor, which affects the catalytic performance 
on methane dry reforming reaction. The different carbon type creates different influence 
on catalytic performance. The different carbon structure is usually identified by Raman 
analysis. In order to analyze the influence from methane partial oxidation on the methane 
dry reforming, the used Ni-MA in single methane dry reforming under the same 
conditions was prepared in this paper. The Raman spectra of spent Ni-MA from different 
reaction after 100h reaction are compared in Figure 3.9. For single dry reforming reaction, 
two weak peaks appeared at 1350 cm-1 and 1580 cm-1 corresponding to the D band and G 
band, respectively. The D band and G band are characteristic bands of regular-structure 
carbon, indicating that regular structure carbon is formed on the surface of Ni-MA during 
single dry reforming reaction. Compared with single dry reforming reaction, it can be 
observed that no peak appeared in the spectra of used Ni-MA when the reactant gas 
contained oxygen, indicating that it was less likely to form regular structure carbon on 
the catalyst in the process of combined methane partial oxidation and methane dry 
reforming reaction. 
The images of used Ni-MA catalyst in different conditions are exhibited in Figure 
3.10. It can be observed that the Ni-MA still kept the structure as fresh catalyst. Unlike 
the morphology of reaction in single methane dry reforming which had some carbon 
nanotubes on its surface (Figure 3.10a), the morphology of reaction in combined reaction 
presented amorphous carbon (Figure 3.10b) which could be easily converted into product 
during the reaction [35,36]. 
In addition, catalytic performances over spinel-like catalysts prepared from different 
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method were also evaluated (Figure 3.11 and Figure 3.12). For NiAl2O4-C catalyst, it 
present a high conversion for both of CH4 and CO2 than those of NiAl2O4-P, meaning 
one-step EISA method is a promising alternative way for efficient catalyst preparation. 
Meanwhile, the spinel-like structure catalyst with Pt incorporation (Pt-NiAl2O4-C) shows 
a benign performance. It is worth noting that catalysts in this chapter can be divided into 
catalysts prepared by one-step method (EISA method) and catalysts prepared by two-step 
method. Different from the two-step method (Impregnation method), the one-step method 
shows a more convenient preparation process. At the same time, the catalyst has better 
performance, which provides a good concept for the design of efficient catalyst 
3.4. Conclusions 
Mesoporous Ni-MA catalyst was prepared by one-step EISA method and possessed 
strong interaction between nickel species and support γ-alumina and large exposed metal 
surface area. The catalysts had better catalytic performance for combined DRM and POM 
reaction, ascribing to the larger exposed metal Ni surface area of Ni-MA than that of 
Ni/MA. The high reaction temperature was beneficial to conversion of reactants and 
resulted in decreasing of H2/CO molar ratio. The conversion of methane and the molar 
ratio of H2/CO presented an increasing tendency with the decrease of CO2/O2 molar ratio 
under different reaction temperatures. The catalytic performance remained stable at 
750 °C for 100 h reaction. The characterization results of used catalysts indicated that 
combined POM with DRM could effectively suppress carbon deposition. For combined 
DRM and POM reaction, one is endothermic and the other is exothermic. Obviously, for 
Ni-MA, the coupling reactions between DRM and POM in the mesoporous channel can 
facilitate the heat exchange better, therefore the presence of mesoporous channel can also 
enhance the activity. In addition, EISA method was applied to fabricate a spinel-like 
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catalyst, presenting an excellent performance than impregnation method. Based the 
consideration above, high exposed metal surface and excellent heat exchange play crucial 
role for combined DRM and POM reaction. This strategy provides a promising concept 
for efficient catalyst preparation.   
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Table 3.1 The physicochemical properties of the MA and MA supported catalysts. 
samples BET surface 
area (m2/g) 
Pore volume 
(cm3/g) 
Average pore 
diameter (nm) 
Exposed Ni surface 
area[a] (m2/g) 
MA 310 0.945 12.2 / 
Ni-MA 265 0.775 11.7 3.75 
Ni/MA 287 0.611 8.43 3.25 
[a] calculated by H2 chemisorption method. 
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Table 3.2 Effect of O2/CO2 ratio on the catalytic performance. 
a 
NO. Reaction Temperature 
CH4: CO2: O2 Conversion (%) 
H2/CO 
v/v CH4 CO2 
1 
700 oC 
1:1:0 68.0 79.2 0.98 
2 1: 0.75: 0.125 71.6 72.1 1.12 
3 1: 0.5: 0.25 72.8 60.0 1.28 
4 1: 0.375: 0.25 80.7 78.8 1.38 
 
b 
NO. Reaction Temperature 
CH4: CO2: O2 Conversion (%) 
H2/CO 
v/v CH4 CO2 
1 
800 oC 
1:1:0 93.0 93.0 0.96 
2 1: 0.75: 0.125 93.0 91.0 1.08 
3 1: 0.5: 0.25 94.0 89.0 1.21 
4 1: 0.375: 0.25 94.0 90.0 1.36 
Reaction conditions: CH4 W/F=1 g h/mol, atmospheric pressure 
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Figure 3.1 N2 adsorption-desorption isotherms of different catalysts. 
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Figure 3.2 XRD patterns of Ni/MA and Ni-MA (a) before reduction (b) after reduction. 
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Figure 3.3 TEM images of different samples. 
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Figure 3.4 H2-TPR curves of different catalysts. 
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Figure 3.5 CH4 (a) and CO2 conversion (b) with time over Ni-MA and Ni/MA. (Reaction 
conditions: W/F (CH4) = 1 g h mol
-1, 750 °C, CH4: CO2: O2=1:0.5:0.25.) 
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Figure 3.6 Influence of channel structure on catalytic processes. 
 
  
 
 
Chapter 3 
102 
 
  
Figure 3.7 Influence of reaction temperature on H2/CO ratio. (Reaction conditions: W/F 
(CH4) = 1 g h mol
-1) 
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Figure 3.8 Catalytic stability of Ni-MA (Reaction conditions: 750 °C, W/F (CH4) = 1 g 
h mol-1). 
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Figure 3.9 Raman spectra of used Ni-MA. 
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Figure 3.10 TEM images of used Ni-MA after 100 h reaction (a) after single DRM 
reaction (b) after combined DRM and POM reaction. 
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Figure 3.11 CH4 and CO2 conversion with time over NiAl2O4-C and NiAl2O4-P. 
(Reaction conditions: W/F (CH4) = 1 g h mol
-1, 650 °C, CH4: CO2: O2=1:0.5:0.25.) 
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Figure 3.12 CH4 and CO2 conversion with time over Pt-NiAl2O4-C and Pt-NiAl2O4-P. 
(Reaction conditions: W/F (CH4) = 1 g h mol
-1, 750 °C, CH4: CO2: O2=1:0.5:0.25.) 
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Chapter 4 
Directly converting carbon dioxide to linear α-olefins on bio-promoted 
catalysts 
 
A carbon dioxide hydrogenation to olefin process that achieves 72% selectivity for 
alkenes and 50.3% selectivity for C4-18 alkenes, of which formation of linear α-olefins 
accounts for 80%. The process is catalyzed by carbon-supported iron, commonly used in 
C-C coupling reactions, with multiple alkali promoters extracted from corncob. 
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Abstract 
Although considerable efforts have been made in converting carbon dioxide to 
hydrocarbons via hydrogenation processes, precise control of C-C coupling towards 
heavy olefins remains a challenge. Here we report a carbon dioxide hydrogenation to 
olefin process that achieves 72% selectivity for alkenes and 50.3% selectivity for C4–18 
alkenes, of which formation of linear α-olefins accounts for 80%. The process is catalyzed 
by carbon-supported iron, commonly used in C-C coupling reactions, with multiple alkali 
promoters extracted from corncob. The design is based on the synergistic catalysis of 
mineral elements in biomass enzyme on which carbon dioxide can be directly converted 
into carbohydrate. The mineral elements from corncob may promote the surface 
enrichment of potassium, suppressing the secondary hydrogenation of alkenes on active 
sites. Furthermore, carburization of iron species is enhanced to form more Fe5C2 species, 
promoting both the reverse water–gas shift reaction and subsequent C-C coupling. 
 
 
 
 
Keyword: CO2 hydrogenation; Linear α-olefins; Biopromoters; Alkali metal, Iron 
catalyst 
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4.1. Introduction 
Converting carbon dioxide (CO2) to valuable commodity chemicals is a potential 
route to mitigate the detrimental effects associated with anthropogenic CO2 emissions, 
and may benefit energy carrier technology and chemical production [1, 2]. Among 
common CO2 transformation pathways comprising photocatalytic conversion, 
electrochemical reduction, catalytic hydrogenation, and other related processes, CO2 
hydrogenation to hydrocarbons via reverse water-gas shift (RWGS) reaction followed by 
C-C coupling has been deemed as one of the most promising means of CO2 utilization 
over the last two decades [3-5]. 
Generally, light hydrocarbons with less than four carbon numbers, especially 
methane, are the major hydrocarbon products in the process of CO2 hydrogenation. The 
addition of alkali metal ions to iron catalysts can increase the selectivity for light olefins 
during CO2 or CO hydrogenation. The addition of alkali promoters results in a decrease 
in H2 adsorption and an increase in CO2 adsorption, significantly enhancing production 
of light olefins [6, 7]. It is reported that alkali (K and Na)-promoted Fe-based catalysts 
exhibit excellent selectivity exceeding 45% for light olefins [8, 9]. 
In addition to lower olefins, higher olefins and in particular linear α-olefins (LAOs), 
which contain a terminal carbon–carbon double bond, are important and expensive 
industrial feedstocks for producing highly value-added chemicals, such as lubricants, 
detergents, and polyolefins [10, 11]. Currently, heavy α-olefins with carbon number 
higher than four are generally produced via oligomerization of ethylene mostly produced 
from petroleum resources [12-14]. Recently, Zhai et al. reported a Na and Zn modified 
Fe5C2 catalyst applied to Fischer–Tropsch synthesis (FTS) which delivered high 
selectivity for C5+ alkenes and particularly LAO [15]. No related reports concerning LAO 
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production from CO2 have been reported to our knowledge, in spite of the fact that CO2 
conversion to heavy hydrocarbons has been demonstrated in recent years [16-18]. 
Precise control of carbon chain growth to achieve a high selectivity for heavy 
hydrocarbons with a desired carbon range or bonding pattern (saturated, unsaturated, 
branched, etc.) remains a severe challenge that limits selective conversion of CO2. In 
contrast to CO hydrogenation, CO2 as a thermodynamically stable molecule needs an 
initial reduction to a CO intermediate and then subsequent C-C coupling. This requires 
active sites matching both RWGS and C-C coupling. Thus, these challenges make CO2 
hydrogenation to heavy hydrocarbons more difficult than FTS. Very recently, two 
multifunctional catalysts (Na-Fe3O4/HZSM-5 and In2O3/HZSM-5) were reported, which 
can selectively convert CO2 to gasoline-ranged hydrocarbons with selectivity of more 
than 78% in all hydrocarbons [19, 20]. 
CO2 in nature can be efficiently converted into carbohydrates via biological 
photosynthesis over enzymes in biomass. Biomass as a renewable resource contains many 
mineral elements, such as K, Mg, Ca, and Si, which are involved in carbohydrate 
synthesis from CO2 conversion. Such mineral elements in biomass form an optimal 
composition ratio match with the evolution of plants, and promote enzymes to exhibit 
high-performance biocatalysis. The introduction of mineral elements from biomass, i.e. 
corncob (CC), is a promising alternative to the use of chemical promoter sources. These 
environmental friendly resources have been named as biopromoters [21]. Herein, we 
design an enzyme-like integrated catalyst comprising iron carbides and alkali promoters 
from calcined CC ash, accomplishing direct conversion of CO2 hydrogenation into LAO 
with a selectivity in hydrocarbons of higher than 40% and a total olefin selectivity in 
hydrocarbons of 72%. In this “CO2-LAO” reaction the product selectivity approached 
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that of FTS [15]. Compared to unpromoted and chemically promoted iron-based catalysts, 
the biopromoter modified iron catalysts are demonstrated to have a synergetic effect for 
improving the performance of CO2 hydrogenation. 
4.2. Experimental 
4.2.1 Catalyst Preparation 
To attain mineral element-rich powder, corncob (CC) was calcined under 500 oC and 
remains 180 min in flowing air. The element content of pretreated CC ash was shown in 
Table 4.1. As for the preparation of Fe/C, glucose and iron nitrate was dispersed in the 
de-ion water solution. After vigorous stirring of 1 h, the derived turbid liquid was 
transferred into a 100 mL capacity Teflon-lined stainless-steel autoclave, followed by 
one-pot hydrothermal treatment at 150 oC for 24 h. Obtained products were washed and 
filtered off for 5 times with distilled water and ethanol successively. Finally, products 
were dried in crucibles at 120 oC overnight, denoted as Fe/C.  
The promoter(s)-modified Fe/C catalysts were fabricated by simple physical mixing 
the corresponding promoter(s) and Fe/C powder. The raw material for each promoter in 
the promoted Fe/C catalyst is KCl, MgO, CaCO3 and SiO2. Fe/C-K, Fe/C-Mg, Fe/C-Ca 
and Fe/C-Si catalysts just contain single corresponding chemical promoter; Fe/C-Chem 
catalysts contain four chemical promoters; Fe/C-Bio stands for biopromoters-modified 
Fe/C catalysts. The addition of each chemical element is equal to the value existed in the 
content of biopromoters-modified Fe/C-Bio. For example, Fe/C-Bio was fabricated via 
physical mixing 0.15g prepared CC ash and 1.0g Fe/C powder, following pelleting the 
mixtures with a 20 ~ 40 mesh size.  
To remove the soluble KCl existed in biopromoters, 0.15g biopromoters were 
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washed for 5 times with 1.5L deionized water for 10 h (noted as CC-W). The pretreated 
CC-W was mixed with Fe/C and marked as Fe/C-Bio-W. As for the Fe/C-K, Ca, Mg, S 
catalyst, the introduction form of S element was iron sulfate (FeSO4). 
4.2.2 Catalyst characterization 
The element content of pretreated CC ash was tested by a Philips Magix-601 wave-
dispersive X-Ray Fluorescence (WD-XRF) and a PerkinElmer 7300DV Inductively 
Coupled Plasma Optical Emission Spectrometer (ICP-OES). X-ray diffraction (XRD) 
spectra were obtained on a PANalytical X’pert Pro diffractometer equipped with Cu-Kα 
(40 kV, 40 mA) irradiation. Scanning electron microscopy (SEM) images were taken by 
a JSM-7800F microscope operated at an accelerating voltage of 1.5 kV, which were used 
to obtain the surface morphology and elemental composition of the prepared catalysts. 
Scanning electron microscopy with dispersive spectroscopy (SEM-EDS) was used to 
attain the elemental maps. 
Transmission electron microscope (TEM) images were obtained by using a JEOL 
JEM-2000EX (120 kV) microscope. The X-ray photoelectron spectroscopy (XPS) 
measurements were conducted on an ESCALAB 250Xi equipped with Al Kα radiation. 
The 57Fe Mössbauer spectra (MES) of the catalysts were recorded at room temperature 
using a Topologic 500A spectrometer and a proportional counter. 57Co (Rh) moving in a 
constant acceleration mode was used as a radioactive source. Magnetic hyperfine field 
was calibrated with the 330-kOe field of α-Fe at ambient temperature. 
The hydrogen temperature-programmed reduction (H2-TPR) experiments were 
carried out in a home-made apparatus. A 10 mg of sample was in situ treated by an Ar 
stream (30 ml·min-1) at 400 °C for 30 min. After cooling down to room temperature, the 
sample was heated to 1000 °C with a temperature ramp of 10 °C·min-1 in a 5% H2 / 95% 
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Ar flow (30 ml·min-1). The hydrogen concentration in the effluent was continuously 
monitored by a TCD detector. 
4.2.3 Catalytic performance test 
The prepared catalysts were in situ reduced at 400 oC for 10 h using H2 (40 mL/min, 
atmospheric pressure) prior to CO2 hydrogenation tests. Briefly, CO2 hydrogenation 
reaction was performed with a continuous flowing fixed-bed reactor from feed gas (CO2: 
24 v %, H2: 72 v %, N2: 4 v %). An ice trap of n-octane as solvent was equipped to capture 
the heavy hydrocarbons in the effluent. Reaction conditions were 320°C, 1.0MPa, and 
W/F = 10 g·h·mol-1. Gas products were analyzed by two on-line gas chromatographs, one 
of which employed an active charcoal column equipped with a thermal conductivity 
detector (Shimadzu, GC-8A). Another used a capillary column and a flame ionization 
detector (Agilent Technologies, 7890A) to analyze light hydrocarbons. Liquid products 
from the ice trap were analyzed by an off-line gas chromatograph using a flame ionization 
detector (Agilent Technologies, 7890A). 
4.3. Results and discussion 
4.3.1 Structure and surface properties of catalysts 
The corresponding contents of K, Mg, Ca and Si in the prepared CC ash were 22.8 
wt%, 21.8 wt%, 7.2 wt% and 2.1 wt%, respectively, and the remaining elements were O 
and other trace elements accounting for 46.1 wt% (Table 4.1). The main phases of K, Mg, 
Ca and Si are ascribed to KCl, MgO, CaCO3 and SiO2, respectively (Figure. 4.1). The 
single mineral promoter, simulated four promoters and biopromoters were added into 
Fe/C catalyst by a facile physical mixing method, marked as Fe/C-M, Fe/C-Chem and 
Fe/C-Bio respectively, and the loading of iron in these catalysts ranged from to 14.0% to 
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16.4% (Table 4.2). The morphology of fresh Fe/C-Bio existed in the form of spherical 
structure with a diameter of 3-5 μm, and Fe, K, Ca and Mg promoters were uniformly 
distributed in the catalyst system (Figure 4.2). Carbonaceous spheres as promising 
supports possess excellent features, such as facilitated the formation of iron carbides 
during H2 activation and suppressed the aggregation of nanoparticles during reaction 
processes [22, 23]. 
X-ray diffraction (XRD) measurements were used to determine the species phases 
of catalysts. According to the characteristic diffraction peaks data of KCl (JCPDS, 41-
1476), XRD pattern of Fe/C-Bio and Fe/C-Chem shows the existence of K promoter 
(Figure 4.3). The diffraction patterns of MgO and CaCO3 were not detected in Fe/C-Bio 
owing to the low content in the catalysts. Other than used Fe/C and Fe/C-Chem, additional 
peaks of Fe5C2 were clearly observed in the used Fe/C-Bio, indicating more Fe5C2 
formation with the addition of biopromoters. Besides, the peaks of Fe5C2 can be also 
obviously distinguished after 100h reaction. The existence of more Fe5C2 is beneficial to 
the enhancement of C-C coupling and suppressing of methane formation [27, 28]. Finally, 
iron oxides and iron carbides will achieve well matching of reverse water-gas shift 
reaction (equation (1)) and subsequent C-C coupling (equation (2)), improving the 
activity of CO2 hydrogenation as well as the selectivity of heavy hydrocarbons. 
         CO2 + H2 → CO + H2O (1) 
CO + 2H2 → -CH2- + H2O   (2) 
For the used Fe/C, the main phases were Fe and Fe3O4 rather than Fe5C2, showing 
an inferior selectivity of heavy hydrocarbons. Fe0 and Fe3O4 existed in Fe/C-Chem were 
also main phases, and presented a higher selectivity of alkenes compared to Fe/C owing 
to the promotion effect of alkali metal. 
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Transmission electron microscope (TEM) was applied to determine the distribution 
and size of iron species (Figure 4.4). After reaction, Fe/C-Bio exhibited uniform particles 
distribution of iron species while fresh Fe/C-Bio consisted of irregular large particles. The 
precursor of iron species contains a large number of humboldtine (FeC2O4·2H2O, JCPDS 
23-0293) in carbonaceous spheres (Figure 4.5) [21]. The decomposition of humboldtine 
under H2 condition presented magnetite, iron carbides and metal Fe [29]. The 
decomposed metal Fe acts with CO2 and H2 to form active sites of RWGS and C-C 
coupling, then converts CO2 and H2 into hydrocarbons [1]. Therefore, no additional 
calcination is needed in our work, which is different from conventional preparation 
processes. 
The difference between structure shape and size of iron particles result from 
humboldtine decomposition and subsequent reaction with CO2 and H2. The statistical 
result of particles shows that Fe/C-Bio particle size mainly distributed on the range of 5-
9 nm, which is beneficial to maintain a low CH4 selectivity and high light olefins 
selectivity for CO hydrogenation due to the reported particle size effect [30]. However, 
the particle size distribution of used Fe/C-Chem was centered on 11-15 nm, which is 
much larger than that of Fe/C-Bio. Well size distribution of particles is vital for the 
activity and selectivity of catalytic performance, thus small average particle size change 
of iron species from 7 to 9 nm is favorable for maintaining the catalytic performance of 
catalyst during stability test (Figure 4.2c and Figure 4.6). Besides particle size, the main 
active phases are different between Fe/C-Chem and Fe/C-Bio as further verified by high-
resolution TEM (HR-TEM). Fe5C2 was detected as main active phase for Fe/C-Bio 
(Figure 4.4f) while Fe3O4 was present for Fe/C-Chem (Figure 4.4e), well consistent with 
XRD analysis. In Figure 4.4b, iron species of Fe/C-Chem presented a core-shell structure, 
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and the core of Fe3O4 and Fe was encapsulated by a shell of amorphous carbon [31]. As 
for Fe/C-Bio, iron species were mainly isolated Fe5C2 nanoparticles without similar core-
shell structure. These findings indicate that biopromoters are conducive to the 
carburization of Fe3O4 and Fe core with amorphous carbon shell, producing small 
particles of active phases and providing more contact interfaces between active sites and 
feed gas. 
Fe species in these promoted catalysts are more easily reduced. In Figure 4.7, the 
H2-TPR curves of Fe/C, Fe/C-Bio and Fe/C-Chem are presented. In heating conditions 
under a H2 atmosphere, the decomposition of humboldtine, a precursor for active iron 
species prepared by the hydrothermal process, will produces magnetite, iron carbides and 
metal Fe with an obvious H2 consumption peak (450 
oC for Fe/C) in the H2-TPR curve. 
After promoter is introduced in the Fe/C catalyst, the H2 reduction process is clearly 
enhanced in terms of the peak shift towards a low temperature (404 oC for Fe/C-Chem 
and 424 oC for Fe/C-Bio), suggesting the promotional effect on the decomposition of 
humboldtine of the electronic promoters (K, Mg, Ca). Totally, the reduction process with 
H2 at 400
oC before reactions is enhanced on bio- and chem-promoted catalysts. 
The 57Fe Mössbauer spectra of the catalysts in Figure 4.8 further disclose the 
formation and transformation of active phases in the various stages from fresh, reduced, 
to used catalysts. The detailed composition and comparison of different phases are also 
listed in Table 4.3 and Figure 4.9. As indicated above, iron species in the fresh Fe/C-Bio 
are present in terms of humboldtine. After reduction at 400 oC in hydrogen, the Fe/C 
catalyst without promoters is composed of metal iron (76%), χ-Fe5C2 (8.7%) and super-
paramagnetism (spm) Fe3+ (15.3%). More interestingly, the composition is greatly 
changed after biopromoters are physically introduced in the catalyst. The content of χ-
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Fe5C2 reaches as high as 64.5%, accompanied by a sharply decrease of metal iron to 9.8%, 
demonstrating an obviously promotional effect of biopromoters on the carbonization of 
iron in the reduction process. The content of χ-Fe5C2 further climbes to a higher value of 
87.2%, while no metal iron is observed in the Fe/C-Bio catalyst after reaction, suggesting 
that the metal iron is further carbonized after exposing in the atmosphere of CO2 and H2 
as feedstocks. 
In comparison, the content of χ-Fe5C2 for the used Fe/C catalyst with chemical 
promoters is only 34.1%, and a large amount of metal iron (30.1%) cannot be completely 
carbonized in the catalyst. These findings clearly show that the superiority of 
biopromoters in promoting the formation of iron carbides as compared to chemical 
promoters, and the above promotional effect primarily occurs in the reduction process 
prior to catalytic reactions. In spite of similar chemical composition for the Fe/C catalysts 
with chemical and biological promoters, the unique synergistic catalytic role probably 
exists in the bio-promoted catalyst. 
X-ray photoelectron spectroscopy (XPS) was applied to investigate the phase 
composition and content of surface species. The binding energy peaks at 711.4, 710.3 and 
708.5 eV in the Fe2p spectrum are correspondingly ascribed to FeⅢ, FeⅡ and Fe-C (Figure 
4.10a) [32]. As for C1s spectrum, the binding energy peaks ca. 281.0, 282.0 and 284.8eV 
are correspondingly contributed to C-Fe, C=C and C-C bonds (Figure 4.10b) [21]. Clearly, 
the content of Fe-C in the Fe2p spectrum is significantly enhanced with the addition of 
biopromoters, in accordance with that of C-Fe suggested in the C1s spectrum, further 
indicating the existence of biopromoters aggravates the carbonization process of iron 
species. The calculated surface content of iron carbides on the used Fe/C-Bio catalyst is 
increased to 48% from 19% for the reduced catalyst. Both contents are lower than those 
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from the previous MES analysis, reflecting that the iron carbides are more favorable to 
be formed on catalyst bulk. 
More importantly, it is necessary to study the content of K and carbides in catalysts 
surface in view of the fact that K influences the olefins hydrogenation as well as carbides 
affects the selectivity of heavy hydrocarbons. According to the results of XPS surface 
analysis, the surface atom ratio of K/Fe in the reduced Fe/C-Bio reaches 1.4, far higher 
than its stoichiometry in bulk (0.3), and the value further climbs to as high as 2.7 after 
reaction, nearly double of that before reaction, suggesting the obvious K enrichment on 
catalyst surface in the reduction and reaction process [33, 34].  Simultaneously, the K 
content in bulk of the fresh, used for 6 h and used for 100 h Fe/C-Bio catalyst is not 
obviously changed a lot (Table 4.2 & 4.4). 
However, the surface K/Fe ratio in the used Fe/C-Chem catalyst is merely 0.4, close 
to the theoretical value. K was more easily to be enriched on the surface of the bio-
promoted catalyst rather than chemical-promoted catalysts. It seems that K in 
biopromoters has stronger migration ability than chemical promoters, probably resulting 
from the unique synergistic effect between K with other elements. This synergistic effect 
may be due to more favorable interactions between potassium promoters and other 
elements, or to other trace metal elements enhancing potassium migration ability. The 
migration ability could improve its contact interface between active phases and electronic 
promoter.  
A relationship between the surface K/Fe ratio and the content of iron carbides can 
be accordingly established as shown in Figure 4.10c. Under the experiment conditions in 
this work, the content of iron carbides gradually increase with the increase of the surface 
K/Fe ratio. However, there must be an optimized value for the surface K/Fe ratio as the 
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excessive K may cover the active iron sites. In our case, surface enriched K sharply 
promotes the formation of more carbides than unpromoted and chemical promoted ones, 
which is in accordance with XRD patterns, MES analysis, XPS spectra as well as other 
reports [35]. In addition, the carbides content from XPS for the used Fe/C-Chem is almost 
unchanged compared with the used Fe/C, suggesting surface enriched K is more effective 
than bulk dispersed K. The vast amount of carbides produces higher α value, improving 
chain growth probability. 
It is imperative to investigate the secondary hydrogenation ability of olefins, which 
severely influence olefin selectivity in hydrocarbons, thus the in-situ pulse experiments 
of propene over reacted Fe/C, Fe/C-Chem and Fe/C-Bio catalysts were further employed. 
Figure 4.11 shows that more propene was converted into propane on the unpromoted Fe/C 
compared to the case of Fe/C-Bio and Fe/C-Chem when isometric propene was pulsed 
into the reactor. It indicates the addition of promoters will suppress the hydrogenation of 
olefins, and biopromoters-modified iron catalyst shows higher habitation ability towards 
olefins hydrogenation than chemical promoters. As shown in Table 4.5, the selectivity of 
olefins over Fe/C-Bio (72 %) is the highest, followed by Fe/C-Chem (53.1 %), and Fe/C 
presented an inferior selectivity of olefins (21.2 %), which is in accordance with the 
results of pulse experiments. 
Linear α-olefins are known to be the primary intermediates of C-C coupling. After 
LAO are formed, they can reabsorb on the active sites and undergo secondary reactions. 
Weaker hydrogenation ability of olefins over Fe/C-Bio is beneficial to the production of 
α-olefins. Ethylene, propylene, and α-olefins with low carbon number undergo 
oligomerization reactions over carbides to form more long-chain linear α-olefins. A well 
match between the high activity of C-C coupling and weak hydrogenation ability is 
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responsible for the excellent catalytic performance with a high C4-18 alkenes selectivity 
of 50.3% as well as 80% LAO in C4-18 alkenes. The detailed reaction scheme in 
combination with experimental and characterization results were depicted in Figure 4.12. 
Thus, it is possible to tune the selectivity of linear olefins by changing the activity of C-
C coupling and hydrogenation ability of active sites. Although the addition of chemical 
promoters weakens the secondary hydrogenation reaction as well, it does not sharply raise 
the content of carbides on catalyst surface as well as the interface between carbides and 
promoters. Therefore, the catalytic performance via biopromoters addition cannot be 
completely simulated by a chemical addition route of multiple promoters. Enough content 
of carbides and weak alkenes hydrogenation ability are indispensable for heavy olefins 
formation. 
It is noteworthy that the formation of enough content of carbides in the H2 reduction 
stage prior to catalytic reactions is more important to achieve superior performance in 
LAO production reactions instead of the in-situ carbonization process, as reflected by the 
carbides content from the previous characterization analysis. The similar superior 
performance in LAO production with CO and H2 as feedstocks (Table 4.6) also 
demonstrates it. In an additional case for comparison, the bare Fe catalyst is prepared 
without glucose in raw materials under the same hydrothermal conditions as Fe/C. 
Therefore, no iron carbides are formed in this bare Fe catalyst after the pretreatment under 
the same H2 reduction condition as others. However, it shows the lowest conversion and 
LAO selectivity among all self-made iron-based catalysts. 
4.3.2 Catalytic performance 
The performance of CO2 hydrogenation on prepared catalysts with suitable additive 
amount was evaluated under optimal reaction conditions (Table 4.5 and Figure 4.13). C4-
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18 alkenes selectivity was sharply increased from 11.6% to 50.3%, and methane selectivity 
was suppressed simultaneously from 39.2% to 11.8% when biopromoters were added into 
the Fe/C catalyst. It is noteworthy that LAO selectivity accounts for 80% in C4-18 alkenes 
and LAO is mainly concentrated on the carbon number range of 4 to 9, which is beneficial 
to the production of lubricating oil and plasticizer. Compared to the selectivity of C4-18 
alkenes over conventional iron-based catalysts, the C4-18 alkenes selectivity over 
biopromoters modified iron catalysts reaches maximum value in reported literatures 
(Table 4.7). Besides that, all the Fe/C, bio-promoted and chem-promoted Fe/C catalysts 
show stable catalytic performance in a 6 h reaction (Figure 4.14). A long-time stability 
test of 100h for the Fe/C-Bio shows that the conversion of CO2 remains unchanged, as 
well as the selectivity to CH4, C5+ and LAO (Figure 4.6), therefore it indicates that bio-
promoted iron-based catalysts are stable and efficient for heavy olefins production 
especially for LAO. More interestingly, we also find similar results after replacing the 
feedstock from the mixture of CO2 and H2 by that of CO and H2 (Table 4.6). After 
biopromoters are physically introduced, the CO conversion and LAO selectivity in C4-18 
alkenes is both evidently promoted to 85% (vs 49% for the Fe/C) and 67% (vs 41% for 
the Fe/C) under the same catalytic conditions (280 oC, 1.0 MPa, H2/CO = 1:1), 
respectively. Furthermore, a very high total olefin selectivity of 78.4% as well as a high 
conversion of 95% is observed after the temperature is lifted to 320 oC, which is the same 
temperature as CO2 hydrogenation. 
To verify the biopromoter effect and explain the superior selectivity of linear olefins, 
each separated promoter addition experiment was also carried out (Table 4.5). The CO2-
LAO performance was improved when the K, Mg, Ca was alone added to unpromoted 
Fe/C, among which the promotional effect of K was most obvious in terms of enhancing 
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olefins selectivity (21.2% to 60.4%). The potassium promoter not only is beneficial to the 
RWGS reaction (enhanced CO2 conversion) but also enhances selective C-C coupling to 
olefin (enhanced heavy olefin selectivity). As for the effect of potassium promoter, it is 
generally believed that the improved surface adsorption property of H2*/CO2* and 
carbide content are the main reasons for the activity improvement. Therefore, potassium-
modified iron catalyst showed the highest activity (28.0%) and high-carbon hydrocarbon 
selectivity (30.5%) among all single promoter (Ca, Mg, and Si) addition experiments. 
Unlike the catalyst modified by chemical promoters, the catalyst modified by 
biopromoters has more small size carbide particles (Figure 4.4), which is important for 
improving CO2 hydrogenation activity and maintaining high activity. Accordingly, the 
catalyst driven by biopromoters showed high catalytic activity (31.0%) among these 
catalysts. In particular after 100 hours of stable reaction, the catalyst remained at a small 
particle size (Figure 4.4i, 9.0 nm). In addition, the iron catalyst modified by biopromoters 
can also form more carbides during the reduction process than chemical promoters 
modified one (Figure 4.8, 4.9 and 4.10). Combined with the XPS spectra, it can be further 
found that the basic metal potassium from the biopromoters has a higher migration ability 
and can form a good interaction interface with the iron species on the catalyst surface. 
The high content of surface basic promoters (especially K+) also helps to increase the 
concentration of acidic CO2 molecules and promote the growth of carbon chain. More 
importantly, through in situ pulse experiment, it was found that the Fe-based catalyst 
modified by biopromoters had the weakest olefins hydrogenation ability compared with 
Fe/C and Fe/C-Chem, thus showing high olefins selectivity (72.0%). Considering that the 
promoters are introduced by physical mixing method, the influence of the fresh catalyst 
structure on the catalytic performance difference can be almost ignored. Obviously, the 
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changes in the surface composition of these spent catalysts are caused by the promoters. 
Correspondingly, as for Fe/C-Bio, the high contents of surface carbides and promoters 
boost the catalytic activity, presenting highest activity (Table 4.5.) Meanwhile, the 
reduced secondary hydrogenation ability of primary alkenes further significantly 
increases the heavy olefin selectivity. 
To further investigate the effect of K promoter, the biopromoters were washed with 
deionized water for several times then subsequently added into Fe/C (noted as Fe/C-Bio-
W). The content of light hydrocarbons (including C1-3) is increased while CO2 conversion 
is decreased after soluble KCl was removed (Table 4.1 & 4.8). It indicates that soluble 
and insoluble K salts are both essential for improving the selectivity of heavy olefins. In 
addition, the doping of basic Mg and Ca promoter results in a small increase in terms of 
higher olefins selectivity. In view of the promoting effect between S and alkali metal, the 
doping of alkali metals and S element was also tested in reaction conditions (Table 4.9) 
[24]. The existence of few S element introduced by physical mixing did not improve the 
olefins selectivity. K as a key ingredient mainly suppresses methanation reaction of CO2 
and increases the activity of C-C coupling [25], and the addition of Mg and Ca also 
suppresses the formation of methane as well as enhances the selectivity to olefins during 
the process of C-C coupling [26]. Yet for Fe/C-Chem, C4-18 alkenes selectivity is only half 
of those on Fe/C-Bio. These findings indicate that the higher selectivity of C4-18 alkenes 
obtained from Fe/C-Bio is difficult to be simulated by the doping of chemical promoters, 
suggesting that biopromoters, rather than chemical promoters, induce unique synergistic 
promoting effect. 
4.4. Conclusions 
In summary, although the addition of K promoter from chemicals suppressed the 
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alkenes hydrogenation, the activity of C-C coupling is lower than that for Fe/C-Bio owing 
to the lack of enough content of carbides. K in biopromoters shows stronger migration 
ability than chemical promoters during CO2 hydrogenation process. These surface 
enriched K could obviously promote the formation of carbides and further enhance the 
activity of C-C coupling. Besides, the surface enriched K suppresses the hydrogenation 
of alkenes and leads to more formation of alkenes. The optimal content and existing form 
of mineral elements in biomass is promising for improving the performance of 
heterogeneous catalytic CO2 hydrogenation when these promoters were added into iron 
catalysts. Thus, this design of biopromoters-modified catalyst provides a new strategy for 
selective hydrogenation of CO2 into high value-added products, and sheds a light on the 
rational design of high efficiently catalysts referenced from bio-catalysis in nature. 
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Table 4.1 The element composition of prepared corncob ash. 
Material 
Composition of element /wt% 
K Si Ca Mg O Cl Al Fe S others 
CC 22.8 21.8 7.2 2.1 27.0 6.8 5.6 3.2 0.8 2.7 
CC-W 13.1 24.8 5.7 2.4 41.6 0.3 6.6 3.3 0.1 2.1 
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Table 4.2 The element composition of as-prepared catalysts. 
Catalyst 
Composition of element /wt% 
Fe K Si Ca Mg 
Fe/C 16.4 - - - - 
Fe/C-Bio 14.3 3.0 2.8 1.0 0.3 
Fe/C-Chem 14.0 2.9 2.8 1.0 0.3 
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Table 4.3 Detailed Mössbauer parameters of various catalysts. 
Catalyst Assignment 
Mössbauer parameters 
IS (mm/s) QS (mm/s)  Hhf (kOe) 
Spectral 
contribution 
(%) 
Reduced 
Fe/C 
χ-Fe5C2 (III) 0.30 0 334 1.9 
χ-Fe5C2 (II) 0.22 0 210 4.3 
χ-Fe5C2 (I)  0.15 0 110 2.5 
Fe3+(spm) 0.36 0.83 / 15.3 
Fe0 0 0 334 76 
Reduced 
Fe/C-Bio 
χ-Fe5C2 (II) 0.18 0.04 212 40.5 
χ-Fe5C2 (I) 0.17 / 204 24.0 
Fe3+(spm) 0.32 0.82 / 25.7 
Fe0 -0.08 0.09 336 9.8 
Used Fe/C-
Bio 
χ-Fe5C2 (III) 0.21 0.04 114 14.6 
χ-Fe5C2 (II) 0.26 0.10 217 31.1 
χ-Fe5C2 (I)  0.20 0.05 186 41.5 
Fe3+(spm)  0.34 1.08 / 12.8 
Used Fe/C-
Chem 
χ-Fe5C2 (II) 0.27 0.11 214 14.5 
χ-Fe5C2 (I) 0.21 0.05 185 19.6 
Fe3+(spm)  0.34 1.02 / 22.1 
Fe0  –0.01 0.02 331 30.1 
Fe3O4 (B) 0.67 –0.01 460 9.1 
Fe3O4 (A) 0.32 –0.04 491 4.6 
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Table 4.4 The content of K determined by ICP-OES in various Fe/C-Bio catalysts. 
 After 6h reaction After 100h reaction 
K content /wt% 2.5 2.8 
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Table 4.5 The catalytic performance of CO2-LAO over various catalysts. 
a 
Cat. Conv. /% CO sel. /% 
Hydrocarbons sel. /% Alkenes sel. /% LAO/Ob 
αc 
  CH4 C2-3 C4-18 C4-18
= C2-18
= /% 
Fe/C 25 22.2 39.2 34.4 26.4 11.6 21.2 3.4 0.53 
Fe/C-Bio 31 23.2 11.8 24.4 63.8 50.3 72.0 80 0.72 
Fe/C-Chem 24 36.2 26.7 39.8 33.5 24.8 53.1 73 0.57 
Fe/C-K 28 22.6 24.0 38.1 37.9 30.5 60.4 75 0.53 
Fe/C-Ca 25 31.9 29.0 37.0 34.0 13.7 24.3 42 0.55 
Fe/C-Mg 26 28.5 33.2 35.2 31.6 14.9 27.0 42 0.56 
Fe/C-Si 22 28.0 43.1 36.6 20.3 5.7 12.9 56 0.54 
Note. a. All the conversion and selectivity data are collected at a stable 4-6 h on stream. Reaction conditions: 320 oC, 1.0 MPa, H2/CO2 = 
3:1, W/F=10 g•h•mol-1, Additive amount of biopromoters is 15 wt% (mass ratio of biopromoters to Fe/C); b. the ratio of linear α-C4-18
=/C4-
18
=, LAO stands for linear α-C4-18 alkenes. The additive amount of K, Mg, Ca and Si is equal to that in the Fe/C-Bio; c. The value of α is 
calculated based on C3-10 products.  
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Table 4.6 The catalytic performance of various catalysts in CO hydrogenation.a 
Catalyst Conv. /% CO2 Sel. /% 
Hydrocarbons Sel. / C-mol % Alkenes Sel.  C-mol % 
LAO/Ob /% 
CH4 C2-3 C4-18 C4-18
= C2-18
= 
Fec 30 24.8 8.7 21.1 70.2 38.6 48.6 31 
Fe/C 49 28.7 9.9 19.9 70.2 43.6 54.9 41 
Fe/C-Bio 85 31.6 11.0 21.9 67.2 52.2 68.3 67 
Fe/C-Biod 95 40.9 10.7 24.9 64.4 56.3 78.4 67 
 
Note. All the conversion and selectivity data are collected at a stable 4-6 h on stream. a. Reaction conditions: 280 oC, 1.0 MPa, H2/CO = 
1:1, W/F=10 g•h•mol-1; b. the ratio of linear α-C4-18
=/C4-18
=, LAO stands for linear α-C4-18 alkenes; c. The bare Fe catalyst is prepared 
without glucose in raw materials under the same hydrothermal conditions as Fe/C; d. The reaction temperature is changed to 320 oC.  
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Table 4.7.1 Comparison of the catalytic performance in CO2 hydrogenation in literatures. 
Sample Conv. (%) CO Sel. (%) 
Hydrocarbon Selectivity (%) 
Ref. 
CH4 C2-4
= C4-18 C4-18
= 
Fe/Co/Mg/Cu/K/Al2O3 30.0 17.0 22.9 <47.0 30.1
a N.G. A 
1Fe-1Zn-1K 51.0 6.0 34.9 53.6 3.7b N.G. B 
CAT A 27.2 21.5 28.1 51.8 30.5 29.4 C 
CuFeO2 18.1 31.9 3.9 31.3 <56.6 N.G. D 
K/Fe-Cu-Al-O 89.0 1.0 13.0 27.0 43.0c N.G. E 
K-Fe15 45.0 12.5 18.3 42.3 <35.4 <30.0 F 
0.05MnFe 30.0 7.7 29.3 <47.9 3.9d <19.2 G 
K+-Fe/ZrO2 43.0 15.0 18.0 44.0 28.8
e 19.0f H 
Ce/Mn/Fe 38.6 11.5 35.6 N.G. N.G. <34.3g I 
KMnFe 41.4 11.5 29.4 57.0h N.G. N.G. J 
FeCe 24.8 21.3 47.9 <50.9 5.7i N.G. K 
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Table 4.7.2 Comparison of the catalytic performance in CO2 hydrogenation in literatures. 
Sample Conv. (%) CO Sel. (%) 
Hydrocarbon Selectivity (%) 
Ref. 
CH4 C2-4
= C4-18 C4-18
= 
FeCe 24.8 21.3 47.9 <50.9 5.7i N.G. L 
Fe/C-Bio 30.5 23.2 11.8 33.2 63.9 50.3 This work 
Note: a. C5-15 products; b. C5+ products; c. C5+ products; d. C6+ products; e. C5+ products; f. C5+
= products; g. C2+
= products; h. C2+
= products; 
i. C6-10 products; N.G. means “not given”. A Sun, J. et al. ACS Catal. 4, 1-8 (2014).; B Rodemerck, U. et al. ChemCatChem 5, 1948-1955 
(2013)., C Zhang, J. et al. J. CO2 Util. 12, 95-100 (2015)., D Hu, B. et al. Appl. Catal. B 132-133, 54-61 (2013)., E Choi, Y. H. et al. Appl. 
Catal. B 202, 605-610 (2017)., F Landau, M. V. et al. ChemSusChem 7, 785-794 (2014)., G Visconti, C. G. et al. Appl. Catal. B 200, 530-
542 (2017)., H Al-Dossary et al. Appl. Catal. B 165, 651-660 (2015)., I Wang, J. et al. Catal. Today 215, 186-193 (2013)., J Dorner, R. et 
al. Catal. Comm. 11, 816-819 (2010)., K Dorner, R. W. et al. Appl. Catal. A 373, 112-121 (2010)., L Pérez-Alonso et al. Catal. Comm. 9, 
1945-1948 (2008). 
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Table 4.8 The catalytic performance of CO2-LAO over washed and unwashed catalysts. 
a 
Catalyst Conv. (%) 
CO Sel.  Hydrocarbons Sel. (C-mol %) Alkenes Sel. (C-mol %) 
LAO/Ob (%) αc 
(%) CH4 C2-3 C4-18 C4-18
= C2-18
= 
Fe/C 25.0 22.2 39.2 34.4 26.4 11.6 21.2 3.4 0.53 
Fe/C-Chem 24.3 36.2 26.7 39.8 33.5 24.8 53.1 73 0.57 
Fe/C-Bio-Wa 27.9 24.1 15.8 28.5 55.7 47.1 72.5 65 0.70 
Fe/C-Bio 30.5 23.2 11.8 24.4 63.8 50.3 72.0 80 0.72 
Note. All the conversion and selectivity data are collected at a stable 4-6 h on stream a. In order to remove soluble potassium salt, 0.15g 
biopromoters were washed several times for several times with 1.5L distilled water; subsequently, the pre-treated biopromoters were added 
into 1.0g Fe/C; b. the ratio of linear α-C4-18
=/C4-18
=, LAO stands for linear α-C4-18 alkenes; c. The value of α is calculated based on C3-10 
products. 
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Table 4.9 The catalytic performance of CO2-LAO over various catalysts. 
a 
Catalyst 
Conv. 
(%) 
CO Sel. Hydrocarbons Sel. (C-mol %) Alkenes Sel. (C-mol %) LAO/Ob 
(%) 
αc 
(%) CH4 C2-3 C4-18 C4-18
= C2-18
= 
Fe/C 25.0 22.2 39.2 34.4 26.4 11.6 21.2 3.4 0.53 
Fe/C-K, Ca, Mg 26.7 30.9 23.5 35.9 40.6 33.7 62.2 68 0.59 
Fe/C-K, Ca, Mg, S 23.1 42.1 30.0 36.6 33.4 26.6 54.6 65 0.59 
Note. All the conversion and selectivity data are collected at a stable 4-6 h on stream; a. Reaction conditions: 320 oC, 1.0 MPa, H2/CO2 = 
3:1, W/F=10 g•h•mol-1, Additive amount of biopromoters is 15 wt% (mass ratio of biopromoters to Fe/C powder); b. the ratio of linear α-
C4-18
=/C4-18
=, LAO stands for linear α-C4-18 alkenes; c. The value of α is calculated based on C3-10 products. The reaction continued 6h and 
remained stable.  
 
 
 
Chapter 4 
139 
 
 
Figure 4.1 XRD patterns of the pre-treated CC ash (biopromoters) and the physical 
mixtures (chemical promoters) of KCl, CaCO3, MgO, and SiO2. 
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Figure 4.2 SEM images of fresh Fe/C and Fe/C-Bio and element maps of Fe, K, Mg and 
Si in Fe/C-Bio. 
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Figure 4.3 XRD patterns of various used catalysts. The Fe/C (a), Fe/C-Chem (b), and 
Fe/C-Bio (c) are derived after catalytic reaction for 6 h. (d) Fe/C-Bio catalyst after 
catalytic reaction for 100 h. 
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Figure 4.4 TEM images of catalysts. a Fresh Fe/C-Bio. b Fe/C-Chem used for 6 h. c Fe/C-
Bio used for 6 h. d Fe/C-Bio used for 100 h. The lattice spacing 1 (or 2) of 2.96 Å 
corresponds to Fe3O4 (220). e High-resolution TEM images of Fe/C-Chem used for 6 h. 
The lattice spacing 3 of 2.50 Å and lattice spacing 4 of 2.93 Å corresponds to Fe5C2 (002) 
and Fe5C2 (310), respectively. f High-resolution TEM images of Fe/C-Bio used for 6 h. g 
Particle distribution of panel c. h Particle distribution of panel b. i Particle distribution of 
panel d. The scale bar for panel a, 500 nm. The scale bar for panels b–d, 100 nm. 
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Figure 4.5 XRD patterns of the fresh Fe/C-Bio catalyst. 
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Figure 4.6 CO2 Conversion and selectivity of hydrocarbons as a function of time on 
stream over the Fe/C-Bio catalyst. Reaction conditions: H2/CO2=3, P=1.0MPa, T=320 
oC, 
Additive amount=15 wt%, W/F=10 g•h•mol-1. 
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Figure 4.7 H2-temperature programed reduction (H2-TPR) curves of various catalysts. 
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Figure 4.8 57Fe Mössbauer spectra of various catalysts. a Reduced Fe/C, b reduced Fe/C-
Bio, c used Fe/C-Bio, and d used Fe/C-Chem. In each panel, the black scatter curve stands 
for the experiment data, and the red line stands for the calculated data by fitted. Data 
analyses were performed assuming a Lorentzian line-shape for computer folding and 
fitting. The components of iron phases were identified based on the Mössbauer 
parameters including isomer shift, quadruple splitting, and magnetic hyperfine field. 
 
 
 
 
 
 
 
 
 
 
 
Chapter 4 
147 
 
 
 
 
Figure 4.9 The content of iron species from MES in different catalysts. 
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Figure 4.10 Surface analysis of different catalysts. Fe2p (a) and C1s (b) XPS spectra of 
used Fe/C, Fe/C-Bio, Fe/C-Chem, and reduced Fe/C-Bio. c The relationship between 
surface K/Fe ratio and carbides content in the catalysts. The carbides content and K/Fe 
ratio on surface is derived from XPS analysis, and the carbides content in bulk is 
calculated from 57Fe Mössbauer spectra analysis. 
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Figure 4.11 Characterization of hydrogenation ability by the pulse experiment of 
propylene. Before reaction, the catalysts (100 mg) were in situ reduced with H2 
(30 ml min-1, 400 °C) and remained 90 min, then reacted in feed gas (20 ml min-1, 0.1 MPa, 
320 °C) for 30 min. After re-switching to a flow of H2 (20 ml min
-1), propene of 120 μl 
was pulsed into the reactor with a certain time interval and detected by mass spectrometry. 
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Figure 4.12 Reaction scheme for CO2 hydrogenation to LAO. The existences of 
biopromoters weaken secondary hydrogenation of olefins and strengthen the reaction 
activity of C–C coupling. 
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Figure 4.13 Hydrocarbon selectivity as a function of a) temperature, b) pressure, c) W/F, 
d) additive amount (mass ratio of biopromoters to Fe/C powder). (a) H2/CO2=3, P=1.0 
MPa, W/F=10 g•h•mol-1, Additive amount =15 wt%. (b) H2/CO2=3, T=320 
oC, W/F=10 
g•h•mol-1, Additive amount=15 wt%. (c) H2/CO2=3, P=1.0 MPa, T=320 
oC, Additive 
amount=15 wt%. (d) H2/CO2=3, T=320 
oC, P=1.0MPa, W/F=10 g•h•mol-1. 
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Figure 4.14 Time on-stream CO2 conversion of different catalysts. Reaction conditions: 
H2/CO2=3, P=1.0MPa, T=320 
oC, Additive amount=15 wt%, W/F=10 g•h•mol-1. 
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Chapter 5 
Summary 
Considering the stern environmental pressure and global ecologic problems caused 
by greenhouse gases, the reduction of CO2 emissions from production and living has 
become one of more focused research topics in this century. Contrary to carbon capture 
and storage (CCS), the reutilization of catalyzing CO2 to valuable chemicals or fuels 
provides a new path. Based on the concept of reutilization, plentiful studies have been 
done on CO2 conversion including electrocatalysis, photocatalysis and thermalcatalysis. 
In chapter 1, we designed a bimetallic Fe/Co catalyst through impregnation method 
for catalyzing CO2 into liquid hydrocarbons. The introduction of cobalt metal increases 
the adsorption ability of CO2, which promotes the CO2 activation over iron species 
through RWGS reaction. Meanwhile, the introduction of cobalt metal further promotes 
the formation of carbides in comparison to potassium modified one, achieving a high C-
C bond coupling activity. The CO2 conversion activity is usually less than 40%, taking 
into account the thermodynamics under normal operation conditions. To further enhance 
the catalytic activity of CO2 hydrogenation via the utilization of ex situ water removal 
manner, a two-stage reactor system was developed and investigated, where the water 
product formed by RWGS reaction was trapped in the first ice-trap and the mixtures 
sequentially entered the second reactor. Facts proved that ex situ water removal is of great 
significance in enhancing catalytic activity and reducing the selectivity of CO by-product. 
This effectively promotional effect derived from water removal facilitates constructing a 
new route for improving the catalytic performance of CO2 conversion, further enhancing 
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the yield of liquid fuel. 
In chapter 2, a nitrogen functionalized carbon with embedded iron nanoparticles was 
developed by a simple one-pot hydrothermal synthesis process for improving CO2 
hydrogenation performance. Thereinto, four different nitrogenous reagents (pyridine, 
ethylenediamine, and diethylformamide, and pyrrolidine) were adopted to synthesized the 
functionalized catalysts. The characterization and catalytic performance evaluation 
revealed that different nitrogen sources have various effects on physical-chemical 
properties of catalysts. In addition, we found that the presence of nitrogen-containing 
functional groups in the catalyst will affect the structural changes during the reaction, in 
which ID/IG intensity is a visual manifestation. The improved CO2 hydrogenation 
performance over these functionalized catalysts was found to be correlated with the 
specific surface areas, the carbonization degree of iron species precursor, the amount of 
defect sites, and the content of pyridine-like nitrogen structures, which are determined by 
the doping nitrogen atom types. Pyrrolidine as a well-performing nitrogen source 
precisely regulated the physiochemical properties of the final catalyst, consequently 
achieving an outstanding performance. 
In chapter 3, a promising Ni based mesoporous Al2O3 catalyst was prepared by one-
step evaporation-induced self-assembly (EISA) method, and was employed as an efficient 
catalyst in combined methane dry reforming (DRM) and methane partial oxidization 
(POM) reaction. In order to further elaborate the advantages of one-step preparation 
method, nickel based catalysts supported by mesoporous alumina were also prepared by 
impregnation method. The catalytic activity tests results indicated that the catalysts 
prepared by the one-pot method had better catalytic performance for combined methane 
dry reforming and methane partial oxidation reaction, which can be ascribed to the larger 
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exposed metal Ni surface area of Ni-MA than that of Ni/MA. Meanwhile, the catalytic 
performance remained stable at 750 °C for 100 h reaction. The characterization results of 
used catalysts indicated that combined POM with DRM could effectively suppress carbon 
deposition. 
In chapter 4, we designed a biopromoters-modified iron catalyst for catalyzing CO2 
into olefins. CO2 hydrogenation to olefin process achieves 72% selectivity for alkenes 
and 50.3% selectivity for C4-18 alkenes, of which formation of linear α-olefins accounts 
for 80%. The process is catalyzed by carbon-supported iron, commonly used in C-C 
propagation reactions, with multiple alkali promoters extracted from waste corncob. The 
design is based on the synergistic catalysis of mineral elements in biomass enzyme on 
which carbon dioxide can be directly converted into carbohydrate. The mineral elements 
from corncob may promote the surface enrichment of potassium, suppressing the 
secondary hydrogenation of alkenes on active sites. Furthermore, carburization of iron 
species is enhanced to form more Fe5C2 species, promoting both the reverse water-gas 
shift reaction and subsequent C-C coupling. More importantly, in situ pulse experiments 
showed that the addition of promoters will suppress the hydrogenation of olefins, and 
biopromoters-modified iron catalyst shows higher habitation ability towards olefins 
hydrogenation than chemical promoters, thus it presents a high selectivity of LAOs. 
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